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The effect of multi-pass MAG welding transfer modes on the sigma phase precipitation

and corrosion performance of AISI 316L thick plate were investigated. The evolution of the

microstructure was examined by optical and electron microscopy as well as ferritscope mea-

surements and energy dispersive X-ray spectrometry. An electrochemical microcell was then

used to characterize the electrochemical behaviour of the different weld regions. The fusion

line  was the most critical zone for pitting corrosion for all welding procedures, due to the

sigma phase precipitation, alloy elements partitioning and galvanic coupling between base

metal and weld metal. It was observed the formation of sigma phase after short-circuiting

or  spray-arc modes, with no evidence of it to the pulsed-arc, which obtained the best cor-

rosion resistance performance. The results evidenced the selective corrosion around sigma

phase due to the depletion in Cr and Mo, with subsequent pitting nucleation. A strong

correlation between the MAG welding transfer modes and the sigma phase morphology

was  observed. The influence of weld parameters on microstructure evolution and corrosion

resistance performance was discussed. The corrosion resistance performance of the MAG
welding procedures was ranked as: pulsed-arc > short-circuit > spray-arc.
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.  Introduction

tainless steels are widely used in beverage, food, pharmaceu-
ical, cosmetic and chemical industries, as well as in oil and

as refineries due to their good resistance to corrosion and oxi-
ation, mechanical strength at high temperatures, weldability
nd relative low cost [1–6].

∗ Corresponding author.
E-mail: lh.guilherme@soudap.com.br (L. Guilherme).

ttps://doi.org/10.1016/j.jmrt.2020.07.039
238-7854/© 2020 The Authors. Published by Elsevier B.V. This is a
reativecommons.org/licenses/by-nc-nd/4.0/).
Published by Elsevier B.V. This is an open access article under the

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The gas metal arc welding process (GMAW) also known by
its subtypes processes, metal inert gas (MIG) and metal active
gas (MAG), basically produces metallic droplets, from a con-
sumable wire, which are transferred through an electric arc to
a welding pool on the workpiece (base metal). The different
transfer behaviours, referred to as metallic transfer modes,
can be influenced by the composition and diameter of the
consumable wire, shield gas composition, arc length and the

electric current [7,8].

The natural transfer modes, such as short-circuit and
spray, occur as a function of the electrical parameters (voltage
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and current). The short-circuit mode needs a contact (short-
circuit) between the droplet under formation and the pool
before drop detachment, and the arc is extinguished during
the short-circuit periods, operating in medium heat input. The
spray transfer mode is characterized by small droplets (close to
the electrode diameter) transferring from the electrode tip to
the weld pool at a rate of hundreds per second, without short-
circuiting the pool. The heat transfer to the pool is regular
and in high levels. On the other hand, there are the controlled
transfer modes, such as pulsed arc, which uses a long arc
length and the welding current is cyclically pulsed from a low
value (base current). This is sufficient, however, to maintain
the arc, to a high and sufficient value pulse current to form
and detach a droplet (a spray-like transfer), resulting in a low
heat input [7]. Each metallic transfer mode has a specific heat
input corresponding to the configuration of the welding pro-
cess [9] which, in turn, influences the microstructure evolution
of the weld metal in stainless steels [10,11].

After solidification of the weld metal of an AISI 316L alloy,
basically a biphasic microstructure composed of austenite (�)
and delta-ferrite (�-ferrite) was formed. The volumetric frac-
tion of each phase depends on factors such as equivalents of
chromium (Creq) and nickel (Nieq) in the base and filler met-
als as well as the alloying dilution obtained in the procedure
and the final Creq/Nieq ratio in the weld [12,13]. It should be
noticed that the multi-pass welding of the AISI 316L alloy can
cause sigma phase formation by the eutectoid decomposition
to delta-ferrite (� → � + �2) or by nucleation and growth from
delta-ferrite. Sigma phase is harmful for the corrosion resis-
tance [14–19]. A Cr and Mo  depleted zone appears surrounding
sigma phase, usually secondary ferrite or austenite [16], which
locally reduces the pitting potential [20], leading to a selec-
tive corrosion and subsequent preferential dissolution of one
phase [20–27]. The chemical composition of sigma phase for
the 316L stainless steel was quantified (wt. %) as 55% Fe, 29%
Cr, 5% Ni and 11% Mo  [15].

Electrochemical studies of corrosion at localized regions
are possible with the use of electrochemical microcells, where
the exposed surface area is drastically reduced. Numerous
publications have demonstrated the operation, advantages
and limitations of electrochemical microcells in the study of
various systems [28–38], including studies of microregions of
welded joints [30,39–41]. The advantage of the microcell for
the study of multi-pass welding should be noticed, since the
electrochemical behaviour can be evaluated as a function of
the microstructure of each microregion of the joint [30].

The localized corrosion in equipment of stainless steel is a
common problem in industrial sites, such as citric, biochem-

ical, and chemical. Previous studies have investigated the
influence of sigma phase in the corrosion resistance [12,26],
and the corrosion performance of different weld microregions

Table 1 – Chemical compositions of the base and filler metals a

Sample 

C Cr Ni Mo Mn 

SA-240-316L 0.02 18.14 8.1 2.0 1.3 0.0
AWS ER 316L 0.02 18.79 11.2 2.5 1.6 0.0
 0 2 0;9(5):10537–10549

[40]. However, there are no researches that have investigated
the corrosion performance of AISI 316L weld microregions pro-
duced by distinct MAG transfer modes, classifying the best
welding procedure based on corrosion performance.

Therefore, the present work investigated the correlation
between MAG welding procedures, the precipitated sigma
phase morphology, and the corrosion resistance performance
of weld regions in AISI 316L stainless steel aiming the improve-
ment of welding procedures. The welding was performed by
the MAG process with the natural metal transfer as short-
circuit and spray-arc, and with controlled metal transfer,
pulsed-arc [7]. Scanning electron microscopy (SEM) in the
backscattered electrons (BSE) mode was used to identify the
sigma phase as well as the microstructure of the welded joint.
Cyclic potentiodynamic polarization tests with a microcell
were conducted on the AISI 316L stainless steel in specific weld
regions until it exceeded the pitting potential (Epit). Moreover,
potentiostatic etching tests were conducted in the window
of passive anodic behaviour to allow microstructural evalu-
ation of the wetted area prior to the pitting nucleation. The
microstructure of the scanned surface area was also evaluated
by SEM after the electrochemical corrosion tests.

2.  Experimental  procedure

The AISI 316L stainless steel plate with a thickness of
15.80 mm was used as the base metal, and the AWS ER316L
solid wire with a diameter of 1.2 mm was used as filler metal.
Table 1 shows the chemical composition of the base and filler
metals which were obtained by atomic absorption spectrom-
etry (AAS) and X-ray fluorescence (XRF) spectrometry. It is
important to point out that the chemical specification of base
metal and filler metal are in accordance with the ASTM A-
240 and ASME section II SFA-5.9, respectively. The Creq/Nieq

ratio was calculated according to Delong Eqs. (1) and (2) and
compared with the Schaeffler’s diagram [12,13].

Creq = %Cr + %Mo + 1.5%Si + 0.5%Nb (1)

Nieq = %Ni + 30%C + 30%N + 0.5%Mn (2)

According to the literature, the solidification mode of
austenitic stainless steel weld metal can result in a monopha-
sic microstructure or in a biphasic microstructure composed
of austenite and ferrite phases, as it can be predicted based
on the chemical composition and weld dilution. The solidifi-

cation mode can occur with the fully austenitic [A], or with
the austenite as the primary (leading) phase [AF mode], or
delta-ferrite as the primary phase [FA mode] or fully ferritic [F
mode]. The transition from AF mode to F mode occurs through

nd respective equivalents of Cr and Ni.

Elements (wt. %)

P S Si Al Cu Creq Nieq

36 0.001 0.4 0.01 0.09 20.74 9.35
23 0.015 0.7 – 0.06 22.34 12.60
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Fig. 1 – Schematic illustration showing the weld passes for each of the transfer modes: (a) short-circuit, (b) pulsed arc, (c)
s pled for the electrochemical tests.
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Fig. 2 – Schematic view of different locations of welded
joint considered in graphical measurement for dilution
calculation (a) classification of each area of welded joint, (b)
top and root area of weld calculated using Autocad software
and (c) area of weld fusion zone calculated using Autocad
pray arc; and (d) weld regions where the microcell was cou

 change in the Creq/Nieq ratio [14], as can be seen from Eqs.
3)–(6):

L → (L + �) → � [A mode] (3)

L → (L + �) → (L + � + ı) → (� + ı) [AF mode] (4)

L → (L + ı) → (L + ı + �) → (� + ı) [FA mode] (5)

L → (L + ı) → ı [F mode] (6)

here, L is the liquid phase, � is austenite and � is delta-ferrite,
espectively.

Three different multi-pass welded samples were manufac-
ured by the automatic MAG process using the short-circuit,
pray-arc and pulsed-arc transfer modes in the flat position
1G). Also, by using a single V groove and the one-side weld-
ng technique. This automatic welding process was performed
sing an ESAB AristoMig 4004i Pulsed machine. The amount
nd sequence of passes are schematized in Fig. 1. The weld
egions were classified as weld face, weld root and fusion line
o systematize the microstructural observations and electro-
hemical tests; each specific area can be seen in Fig. 1(d).
n argon–oxygen gas mixture was used as shield gas with

 composition of 98% Ar + 2%O2 with a flux of 20 L/min. The
arameter CTWD represents the distance from the end of the
ontact tip to the work piece, and it is smaller for the short-
ircuit because the welding wire makes physical contact with
he base material. On the another hand, larger CTWD dis-
ances are required to the pulsed-arc and spray-arc to create
nd transfer tiny molten droplets across the arc [7].

The macroscopic analysis was conducted to evaluate the
hemical composition of weld metals by calculating the dilu-
ion percentage (%DL) of base metal. The estimation of total
rea of fusion zone (AFZ), the area of top (ATR) and root (ARR)
einforcement were found out using Autocad 2016 software.
he area of weld root gap (AWA) was estimated based on the
eld joint geometry, as schematically shown in Fig. 2. The %DL

as calculated according to the following equations [42]:
WA = AWA1 + 2AWA2 + ATR + ARR (7)

BM = AFZ − AWA (8)
software.

%D = ABM = AFZ − AWA (9)
L
AFZ AFZ

The average dilution was measured macroscopically by the
area of the welding bed relative to the initial joint profile at
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Table 2 – Welding conditions to the short-circuit arc transfer mode.

Weld pass Welding current (A) Welding voltage (V) Travel speed (mm/min) Heat input (kJ/mm) Width of weld (mm)

Root 180±3 19.3±0.1 202±1 1.0±0.1 4±0.2

2–10 200±4 20.8±0.1 205±2 1.2±0.2 5±0.4

11–14 190±2 20.5±0.1 210±1 1.1±0.1 5±0.2

Contact tip to work distance (CTWD): 10 mm.

Table 3 – Welding conditions to the pulsed-arc transfer mode.

Weld pass Welding average current (Ia) Welding voltage (V) Travel speed (mm/min) Heat input (kJ/mm) Width of weld (mm)

Root 130±1 25.1±0.1 305±.2 0.6±0.2 5±0.1

2–9 145±2 26.5±0.1 292±2 0.8±0.3 5±0.2

10–13 140±2 25.3±0.1 302±2 0.7±0.2 5±0.2

CTWD: 15 mm.

Table 4 – Welding conditions to the spray-arc transfer mode.

Weld pass Welding current (A) Welding voltage (V) Travel speed (mm/min) Heat input (kJ/mm) Width of weld (mm)

Root 280±3 32.5±0.1 354±.2 1.6±0.2 6±0.2

2–7 320±6 34.8±0.1 351±2 1.9±0.3 7±0.5

8–11 300±5 34.5±0.1 370±2 1.7±0.2 6±0.3
CTWD: 20 mm.

the cross section of the samples. The results for each transfer
mode were: 32% to the short-circuit, 42% to the spray, 24% to
the pulsed. The heat input was calculated using ASME IX [43]
in Eq. (10) by dividing the average power (current × voltage) by
the travel speed (mm/s). In order to calculate the heat input
to the pulsed transfer mode, the average current (Ia) of this
process was determined, correlating the currents of peak (Ip)
and base (Ib) to the relative time of each current during welding
process, defined as pulse time (tp) and base time (tb), as can be
seen in Eq. (11) [44]. It is worth highlighting that the maximum
interpass temperature was 150 ◦C for the multi-pass welding.
The details of the welding parameters of each MAG transfer
mode are summarized in Tables 2–4.

E = U.I.60
v

(10)

where: “E” is the heat input in kJ/mm,  “U” is the welding volt-
age in volts, “I” is the welding current in amperes and “v” is
the travel speed in mm/s.

Ia = (Iptp + Ibtb)
(tp + tb)

(11)

where: “Ia” is the average current, “Ip” is the peak current, “Ib”
is the base current, “tp” is the relative time in the peak current
and “tb” is the relative time in the base current. The unit of all
current quantities are in amperes.

Based on chemical analysis of the base metal and filler
metal, Eqs. (1) and (2) were applied to determine their equiv-
alents of Cr and Ni (Creq and Nieq), which were related to the

dilution rate of each MAG transfer mode in order to provide
the respective equivalent of the welded joints. Based on the
Creq/Nieq ratio of welded joints, the solidification mode and
the ferrite number (Delong diagram) was presumed [12]. Also,
the volumetric fraction of delta-ferrite was measured with a
Fischer MP3 ferritscope to the base metal, weld face, weld root
and fusion line.

For microstructural observation, the samples were pol-
ished in a semi-automatic Buehler Automet 250 polisher with
alumina of different grain sizes down to 0.05 �m.  The samples
were ultrasonically cleaned in water for 5 min; the polishing
agent was changed every time. The weld zone was etched
with aqua-regia during 2 min  for microstructural analysis by
optical microscopy and scanning electron microscopy (SEM).
In order to identify the precipitated sigma phase in the weld
metal, a FEG-SEM JEOL JSM-7500F microscope equipped with a
PC-SEM v.2.1.0.3 analyser was used to take backscattered elec-
tron (BSE) images of the polished surface (without etching).
The chemical analysis of the sigma phase was performed by
energy-dispersive X-ray spectroscopy (EDS). The local chemi-
cal composition can be changed between weld microregions
and this condition generates susceptibility to localized cor-
rosion in welded joints [45]. The local chemical composition
variations of austenite and ferrite phases were investigated
by EDX analysis for the weld microregions: weld face, weld
root and fusion line. The EDX data were acquired using an
80 mm2 X-Max detector, collecting 106 counts in each point,
and the EDX spectra were quantified using ZAF correction in
Aztec software. For each phase (austenite and ferrite), five (5)
spectra were acquired for each one of microregions.

An electrochemical microcell, as describe elsewhere [46],
based on a microcapillary with a diameter of 500 �m
(∼0.002 cm2), and composed of three electrodes, was used: a
platinum counter electrode, a silver|silver chloride|3 mol  L−1

−1
potassium chloride (Ag|AgCl|KCl 3 mol  L ) reference electrode
and the sample as working electrode. Cyclic potentiodynamic
polarization (CPP) tests were performed in 3.5% NaCl aque-
ous solution by applying flow with drip control and average
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Fig. 3 – Quantitation of ferrite content on the weld regions
of short-circuit, spray-arc and pulsed-arc. The error bars
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able. The fusion line and weld root regions generated their
re standard deviation of 10 measurements by ferritscope.

ow rate of 1 drop per second (∼50 �L/s) at 25 ◦C. A Palmsens
STrace-3 potentiostat was used for tests. After the OCP sta-
ilization (5 min), an anodic polarization scan was performed
t a sweep rate of 1.67 mV s−1. The anodic scan was reversed
t a current density of 1 mA  cm−2 with the sample being then
canned in the cathodic direction to a potential of −200 mV
s. OCP. The weld microregions inspected by CPP tests were
he base metal, weld face, weld root, and fusion line. Fig. 1(d)
hows the coupling position of the microcapillary on weld
icroregions and it is highlighted that five measurements
ere made in each microregion.

Potentiostatic etching was performed in weld root region
ith the presence of sigma phase to assess its effect at the

lectrochemical behaviour. These microregions were identi-
ed by SEM BSE mode and the coordinates were used to track
ack its positions and execute the local electrochemical tests.
n etching potential 400 mV  vs. Ag|AgCl|KCl 3 mol  L−1 was
sed for 10 min  in 3.5% NaCl aqueous solution. This proce-
ure allowed a better understanding regarding the influence
f the microstructure on the electrochemical behaviour of the
elded joint at potentials prior to the pitting potential.

The electrochemical behaviour was evaluated in terms of
he corrosion potential (Ecorr), pitting potential (Epit), repas-
ivation potential (Erp), passive region (Erp–Ecorr) and in
ombination with microstructure observation by SEM after the
PP measurements and potentiostatic etching.

.  Results  and  discussion

ig. 3 shows the results of the delta-ferrite measurement with

 ferritscope in the weld regions: face, root, and fusion line. It
s highlighted that at the base metal, AISI 316L, there was no
vidence of the remaining ferrite.
;9(5):10537–10549 10541

The presence of delta-ferrite in the weld metal corroborates
the supposition about the FA solidification mode predicted by
the calculation of the ratio (Cr/Ni)eq and proposed in the litera-
ture [12,13], stating that such solidification mode happens for
1.5 < Creq/Nieq < 2.0. The solidification mode of the weld metal
was supposed as ferritic–austenitic (FA), according to Eq. (5),
for all transfer modes based on the Creq/Nieq ratio and the
results presented in Table 5. In this solidification mode, the
ferrite, with dendritic morphology, is the primary phase, and
the austenite is later formed at the ferrite/liquid interface [14].
According to Table 5, the quantification of the Creq/Nieq ratio
shows the tendency of pulsed-arc transfer mode to present
lower ferrite fraction in the weld microstructure, and the
higher ferrite fraction was observed in spray-arc welding. The
short-circuit provided an intermediate result.

A typical microstructure for the welded joint can be
observed in Fig. 4, highlighting the transition on the fusion
line of austenitic base metal to the dual-phase weld metal
(Fig. 4(a)), which was represented by the equiaxed grains of
the face-centred cubic (FCC) arrangement of the base metal
towards the weld metal. This presented the ferrite as dendritic
morphology surrounded by austenite bands (Fig. 4(b)). Despite
the same solidification mode presented by all MAG transfer
modes, it is noteworthy that the difference in the Creq/Nieq

ratio influenced the interaction between the austenite bands
and ferrite dendrites [13]. For the lower Creq/Nieq ratio (1.6),
pulsed-arc transfer mode, relatively large austenite bands and
fine ferrite was observed. On the other hand, the spray-arc
transfer mode showed the biggest Creq/Nieq ratio (1.9) and con-
sequently it was characterized by narrow austenite bands with
large ferrite.

The chemical composition of austenite and ferrite within
the welded regions were measured by EDS, as describe else-
where [45], and the compositional differences caused by local
element segregations were evaluated. The elemental composi-
tions of the different weld regions and differences in austenite
and ferrite are summarised in Table 6, with the data inter-
preted using the pitting resistance equivalent number (PREN)
calculations, according to Eq. (12), and the results are shown
in Fig. 5. The PREN is a predictive measurement of a stain-
less steel resistance to localized pitting corrosion based on its
chemical composition, and the delta/gamma (�/�) PREN ratio
can demonstrate the susceptibility to the galvanic interaction
between austenite and ferrite, where the higher ratio indicates
the most susceptibility. The corrosion performance for dual
phase stainless steel, such as AISI 316L weld microstructure,
is defined by PREN of ferrite phase (weak phase). However, it
is important to consider the PREN of austenite phase in cor-
rosion performance analysis due to the galvanic interaction
[45,47].

PREN = %Cr + 3.3%Mo + 16%N (12)

The weld face of all MAG transfer modes presented a regu-
lar PREN for austenite and ferrite, clearly represented by single
pass weld and chemical composition of the weld consum-
microstructures and chemical compositions based on high
dilution between base metal and weld consumable, caused
by welding process, and associated with the multi-pass weld-
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Table 5 – Equivalents of Cr and Ni.

Samples Creq Nieq Creq/Nieq Solidification mode

Spray-arc 22.0 11.5 1.9 FA

Short-circuit 22.1 12.1 1.8
Pulsed-arc 20.5 12.8 1.6

Fig. 4 – Microstructural observation of the typical welded joint showing: (a) optical microscopy of the boundary between
weld metal and base metal (etched by aqua-regia), (b) SEM/BSE images to determine of austenite (light phase) and ferrite
(dark phase). BM:  base metal, FL: fusion line, WM:  weld metal.

Table 6 – Variance in chemical composition of austenite/ferrite for the investigated weld regions.a,b

MAG transfer mode Chemical composition of phases Elements % (SD) PREN values PREN ratio (�/�)

Region Phase Cr Mo Ni

Short-circuit Weld face (WF) Ferrite 22.77 (0.15) 3.01 (<0.10) 2.82 (0.10) 32.70 1.45

Austenite 17.36 (0.17) 1.55 (<0.10) 8.28 (0.19) 22.48
Fusion line (FL) Ferrite 20.25 (0.12) 1.89 (<0.10) 2.17 (0.11) 26.49 1.32

Austenite 16.41 (0.19) 1.11 (0.11) 7.01 (0.14) 20.07
Weld root (WR) Ferrite 21.43 (0.15) 2.55 (0.12) 2.49 (<0.10) 29.85 1.41

Austenite 16.88 (0.13) 1.29 (0.10) 7.65 (0.19) 21.14
Spray-arc Weld face (WF) Ferrite 22.54 (0.20) 2.98 (0.12) 2.76 (0.12) 32.37 1.45

Austenite 17.41 (0.19) 1.48 (<0.10) 7.99 (0.20) 22.29
Fusion line (FL) Ferrite 20.01 (0.17) 1.34 (<0.10) 2.05 (<0.10) 24.43 1.22

Austenite 16.25 (0.20) 1.12 (<0.10) 7.56 (0.18) 19.95
Weld root (WR) Ferrite 21.35 (0.20) 2.41 (<0.10) 2.39 (0.10) 29.30 1.44

Austenite 16.70 (0.11) 1.10 (<0.10) 7.32 (0.17) 20.33
Pulsed-arc Weld face (WF) Ferrite 22.90 (0.14) 3.16 (0.15) 2.93 (<0.10) 33.33 1.46

Austenite 17.45 (0.15) 1.62 (0.11) 8.22 (0.19) 22.80
Fusion line (FL) Ferrite 20.43 (0.20) 2.01 (0.10) 2.09 (<0.10) 27.06 1.32

Austenite 16.59 (0.19) 1.20 (<0.10) 7.21 (0.14) 20.55
Weld root (WR) Ferrite 21.54 (0.18) 2.78 (0.12) 2.65 (<0.10) 30.71 1.43

Austenite 16.98 (0.13) 1.35 (<0.10) 7.50 (0.13) 21.44

tion.
a AISI 316L base and filler metal have no nitrogen (N) in the composi
b SD = Standard deviation.

ing conditions. These conditions influenced the partitioning
of alloy elements with local chemical variation and, conse-
quently, reduced the PREN of the austenite/ferrite in these
regions. As a function of the lowest dilution and heat input, the
pulsed-arc mode showed the lower local chemical variation
to the fusion line and weld root, corroborated by the highest
PREN of ferrite and austenite, as can be seen in Fig. 5.
3.1.  Sigma  (�)-phase  characterization

The sigma phase was identified in the fusion line and weld
fusion zone of the short-circuit and spray modes, and it was
not observed in the pulsed-arc mode. The average size of
sigma phase was 1 �m and its chemical composition was esti-
mated by EDS, as can be seen in Table 7, corroborating the
chemical composition cited in the literature [15] for the sigma
phase in AISI 316L weldments. The most susceptible weld
region to precipitate the sigma phase was a specific area of the
weld root, due to the reheating of the root pass by the other
thermal cycles of the multi-pass welding, generating a suitable
time-temperature ratio to the sigma phase precipitation.
It is important to point out that the solidification mode
associated with the type of the transfer mode of the MAG pro-
cess exerts a significant influence on the precipitated sigma
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Fig. 5 – PREN values of the austenite and ferrite phases for
a

p
o
t
s
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resulting on the best corrosion resistance performance to

F
t

ll welding procedures.

hase morphology, as can be seen in Fig. 6. The nucleation
f the sigma phase in the AISI 316L weldments was related
o the FA solidification mode, where the austenite grows as a
econdary phase, segregating ferritizing elements such as Cr

nd Mo  to the liquid–ferrite interface and to the interior of the
errite, thus enriching the austenite with Ni. Thus, the ferrite
s stabilized by the segregation of Cr and Mo into the ferrite

Table 7 – Chemical composition of sigma phase for AISI 316L.

Phase 

Fe Cr 

Sigma (�) 54 ± 3 28 ± 2 

ig. 6 – SEM/BSE micrographs showing the weld root with sigma
ransfer modes of: (a) spray-arc and (b) short-circuit.
;9(5):10537–10549 10543

during the peritectic reaction, and these are the main forming
elements of the sigma phase, hence the preferred sigma for-
mation is always associated with the delta-ferrite [14,15]. For
the spray mode, the sigma phase precipitated systematically
at the gamma/delta (�/�) interface, surrounding the delta-
ferrite (Fig. 6(a)). For the short-circuit mode, the sigma phase
precipitated systematically inside the delta-ferrite (Fig. 6(b)).
This difference is regarding the local partitioning of alloy
elements during solidification, on solid state diffusion, and
probably it can be associated with the cooling rate and phases
evolution due to the specific thermal history of each MAG
welding transfer mode.

The short-circuit and spray-arc transfer modes are char-
acterized by a turbulent melt pool, a factor that intensifies
the dilution of segregating elements in the liquid. However,
the higher heat input of the spray-arc mode resulted in lower
cooling rates and solidification, providing segregation of the
alloying elements (Cr and Mo) at the gamma/delta (�/�) inter-
face, resulting in sigma phase precipitation in this region.
The short-circuit mode used lower heat input than spray-arc,
with a consequent higher cooling rate and solidification, thus
concentrating Cr and Mo inside the delta-ferrite. The time-
temperature to homogeneous sigma phase precipitation is
only achieved inside ferrite for the short-circuit mode. There-
fore, the sigma phase precipitated inside the delta-ferrite in
this later case.

For all transfer modes, the sigma phase was not detected
in the base metal and did not nucleate in the weld face region,
these weld regions for all assessed MAG welding procedures.
This equivalent performance is related to the absence of sigma
phase in the microstructure of the weld metal which, in turn,

Elements (wt. %)

Ni Mo Si

5 ± 1 12 ± 2 0.33 ± 0.25

 phase precipitated to the MAG welding processes in the
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Fig. 7 – Cyclic potentiodynamic polarization curves of the
MAG welding procedures comparing the weld regions: (a)
weld face, (b) fusion line region and (c) weld root.
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did not precipitate in the weld face, since it is the last layer of
filling. Therefore, the welding pass of the face is not subjected
to other thermal welding cycles, as occurs for the root pass,
the most thermally affected region.

3.2.  Pitting  corrosion  resistance

Fig. 7 presents the cyclic potentiodynamic polarization curves
for the weld regions in 3.5% NaCl solution. All polarization
curves showed a passive behaviour of the weld regions, high-
lighting the positive hysteresis for the fusion line regions of
short-circuit and spray-arc transfer modes. The positive hys-
teresis occurs when reverse scan current density is greater
than that for the forward scan, and it means that the pas-
sive film damage is not repaired, and pit grew after the
potential was reversed. All other weld microregions showed
negative hysteresis, which means that the damaged passive
film repaired itself and a pit do not grow after the potential
was reversed.

The PREN values of all different regions are compared to the
breakdown potentials (Epit) of each MAG welding procedures.
The weld face region of all MAG welding procedures obtained
similar corrosion resistance performance, with no evidence of
pitting, and a passive region with an average potential range
of 730 mV, as can be seen in CPP curves (Fig. 7(a)) and electro-
chemical parameters (Fig. 8). This performance was correlated
to the PREN of austenite and ferrite, quantified in average
values of 22.5 and 32.8, respectively, as well as the single ther-
mal  cycle to the weld face, since it is the last weld layer.
The Epit of the weld root regions occurred in the potential
range of 440−670 mV, and it is correlated to the PREN of the
phases that were relatively reduced when compared to the
weld face region, and also with the changes in microstruc-
ture, which generated local Cr- and Mo-depleted zones. The
microstructural evolution of the short-circuit and spray-arc
transfer modes in a multi-pass MAG welding resulted in sigma
phase precipitation mainly in weld root regions, and the vol-
ume  fraction presents in microstructure influenced the Epit

of short-circuit (575 mV)  and spray-arc (470 mV). The sigma
phase was not evidenced in pulsed-arc microstructure and its
Epit (650 mV)  was correlated with the PREN of ferrite (30.71).
The fusion line regions were classified as critical regions for
corrosion resistance performance for all MAG welding trans-
fer modes. The worst corrosion performance was associated
with the galvanic coupling between weld metal and base
metal, which create a preferential site to localized corrosion
[40,45,46]. In addition, it was observed a high local varia-
tion of the partitioning of alloy elements, which resulted in
a significant reduction of PREN of the phases. It is impor-
tant to point out that the sigma phase was generated in the
fusion line region to the short-circuit and spray-arc modes,
and the pitting potential was reduced due to its presence in
the microstructure. For pulsed-arc, without sigma phase on
its microstructure, a substantial improve in passive region
quantified in 420 mV  was obtained while short-circuit and
spray-arc generated a passive region of 260 and 70 mV, respec-

tively. Although without sigma phase in weld microstructure,
the weld root and fusion line regions of pulsed arc obtained a
reduced corrosion performance when compared to the weld
face region. This performance is related to the larger dilution
ratio and the greater amount of weld passes and consequent
increase of weld thermal cycles.

Fig. 9 shows SEM micrographs of nucleated pits at the weld

root region after CPP tests in 3.5% NaCl solution, highlight-
ing that each MAG welding transfer mode generated a specific
morphology for the pitting nucleation. It is possible to observe
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Fig. 8 – Quantitative determination of the electrochemical
parameters of MAG welding procedures: (a) pulsed-arc, (b)
short-circuit and (c) spray-arc.
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(Fig. 9(a) and AA’ view) the selective corrosion of austenite
inside the pit void of the spray-arc, where the gamma/delta
(�/�) interface created a galvanic interaction and it was prefer-
able corroded. This is linked to the sigma phase morphology
of this MAG welding transfer mode. The morphology of the
short-circuit also can be linked to the sigma phase precipi-
tation and its selective corrosion, since its edge assumes the
dendritic morphology of ferrite. Therefore, it is probably that
the pit nucleates in the region, where, previously, a selective
corrosion of ferrite occurred. The pulsed-arc transfer mode
showed a typical pitting nucleation, due to local breakdown of
the passive film, with no identification of sigma phase in weld
microstructure.

Fig. 10 shows the EDS spectra of the exposed surface area
after polarization measurement in 3.5% NaCl solution. The
EDS analysis assessed the local chemical composition of pit
site (mark inside pit, Fig. 10) and non-corroded site (mark out-
side pit, Fig. 10) to clarify the preferable phase to corrosion.
The short-circuit obtained a Cr and Mo percentage reduction of
27.4% and 54.4%, respectively, indicating that the ferrite phase
was preferable corroded. On the other hand, spray-arc showed
a Ni reduction of 52.2% what indicated the preferable corrosion
of austenite. Therefore, the EDS analysis corroborated what
the SEM micrographs indicated.

3.3.  Selective  corrosion  in  weld  root  region

The results of potentiostatic etching of weld root region of
short-circuit and spray-arc at 400 mV  using 3.5% NaCl solu-
tion can be seen in Fig. 11. The short-circuit mode presented
selective corrosion at 400 mV, which is located before the pit-
ting potential. This is due to the nucleation of many  dispersed
sigma precipitates within the ferrite (Fig. 11(a)), causing the
depletion of Cr and Mo all over the ferritic matrix. Thus, selec-
tive corrosion of ferrite occurred until this phase being widely
consumed, and consequently, the pitting nucleation occurred
in these previous corroded regions. It is highlighted that the
pitting contour presented similar morphology of the ferrite
dendrite, as can be seen in Fig. 9(b), reinforcing the hypothesis
that pitting nucleation occurred where the passive film was
previously damaged, that is, by selective corrosion of ferrite.

Regarding the spray-arc mode, there was also a selective
corrosion at 400 mV, which is inferior to the pitting potential,
due to weld microstructure with precipitated sigma phase.
With this welding procedure, the sigma phase was nucle-
ated at the gamma/delta (�/�) interface, generating a depleted
zone in this site and a galvanic interaction was established
between sigma phase and austenite, which caused the selec-
tive corrosion of austenite, as shown in Fig. 11(b). Thus, this
mechanism is related to the alloy elements partitioning in the
gamma/delta (�/�) interface with sigma phase precipitation,
which created a local depleted austenitic matrix, resulting in
a preferable corrosion of austenite, as can be seen in Figs. 9(a)
and 11(b).
4.  Conclusions

The corrosion resistance performance of AISI 316L thick plate
welded by distinct MAG welding transfer modes was eval-
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Fig. 9 – SEM micrographs of the scanned surface area of the weld root after CPP tests: (a) spray-arc with AA’ view detail
regarding inside of the pit, (b) short-circuit and (c) pulsed-arc.

Fig. 10 – EDS analysis of the pit site and non-corroded area after polarization test in 3.5% NaCl for (a) short-circuit and (b)
spray-arc.
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Fig. 11 – SEM micrographs of the scanned surface area after potentiostatic etching of MAG welding using: (a) selective
corrosion of delta-phase due presence of the sigma-phase inside it in the short-circuit transfer mode and (b) selective
corrosion of gamma-phase in the gamma/delta (�/�) interface due to depleted-zone caused by sigma-phase precipitation in
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his microregion, observed on the spray transfer mode. Elect

ated. From the results, the following conclusions can be
rawn:

 The sigma phase precipitated for short-circuit and spray-
arc transfer modes in the root of the welded joint, a factor
attributed mainly to the welding thermal cycle of a multi-
pass procedure that imposed reheating of the root pass and
set up a low cooling rate.

 The sigma phase at the root of the weld provided selective
corrosion, affecting the resistance to pitting corrosion.

 The spray mode generated coarse delta-ferrite and sigma
phase in the austenite–ferrite interface, resulting in an
extensive micro-region impoverished in Cr and Mo,  thus
reducing the pitting potential.

 The short-circuit mode generated a refined ferrite due to
the slower cooling rate, with the precipitation of the sigma
phase inside the delta-ferrite and consequent selective cor-
rosion of such phase, also reducing the pitting potential.

 The weld face of all transfer modes did not generate sigma
phase and, consequently, showed the higher corrosion
resistance among weld regions.

 The pulsed-arc transfer mode of MAG welding showed, rela-
tively, a more  refined ferrite and large austenite bands, with
no evidence of the sigma phase, resulting in the best corro-
sion performance of multi-pass MAG welding of AISI 316L
stainless steel.
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