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Abstract The degradation of pump components by cor-
rosion and complex, simultaneous damage mechanisms,
e.g., erosion—corrosion and cavitation—corrosion leads to
high costs through replacement and maintenance of parts.
To increase the lifetime of cost-efficient components with
superior casting properties, surface welding of duplex
stainless steel on gray cast iron parts was performed using
inert shielding gas metal arc surface welding (GMA-SW)
and plasma transferred arc surface welding (PTA-SW). The
thermal conductivity of the used shielding gas and the
preheating temperature influenced the dilution of the sur-
face layers, which had a major impact on the corrosion
resistance and the microstructure. Lower cooling rates
enhanced diffusion and lead to precipitation of carbides.
High heat input and prolonged cooling times during surface
welding resulted in high dilution and a carbide network.
The corrosion resistance in artificial seawater of those
surface layers was substantially reduced compared to sur-
face layers with lower heat input and higher cooling rates.

This article is an invited paper selected from presentations at the 2018
International Thermal Spray Conference, held May 7-10, 2018, in
Orlando, Florida, USA, that has been expanded from the original
presentation.
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The corrosion of the surface layers in the potentiodynamic
polarization test was driven by selective corrosion of the
phase boundary between Cr—carbides and Cr—depleted
austenite. Passive behavior was observed for surface layers
with low dilution, which had homogeneous chromium
distribution and no carbide networks. In conclusion, the
corrosion behavior of gray cast iron was improved by
surface welding with duplex stainless steel. The corrosion
resistance of the surface layers produced with PTA-SW
with no preheating exceeded that of the surface layers
produced with GMA-SW and came close to those of a
commercially available duplex stainless steel used as ref-
erence material.
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Abbreviations
GMA-SW  Gas metal arc surface welding

PTA-SW  Plasma transferred arc surface welding
SEM Scanning electron microscope
EDX Energy-dispersive x-ray spectroscopy

EIS Electrochemical impedance spectroscopy
CPE Constant phase element

List of Symbols

X;  Concentration of element X in the surface layer
Xy  Concentration of element X in the base metal
Xw Concentration of element X in the consumable
R,  Solution resistance

R.. Charge transfer resistance

Cq Double-layer capacitance
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Introduction

Pump components used in maritime, offshore as well as in
the chemical industry are subjected to rough conditions
caused by corrosive media and abrasive particles (Ref 1, 2).
To prevent erosion and cavitation damage, the flow con-
ditions are optimized through the geometry of such parts,
which often results in complex shapes (Ref 3). Therefore,
casting represents a suitable manufacturing process.
Lamellar gray cast iron is used for pump components due
to its advantageous casting and damping characteristics,
but the corrosion resistance is poor (Ref 4). More durable
and more expensive materials are necessary to increase the
lifetime of such parts (Ref 5). Duplex stainless steels rep-
resent a material class that is highly resistant to corrosion in
aqueous, saline media and in various aggressive chemicals
(Ref 6). The superior properties of those steels are achieved
by careful manufacturing and precise heat processing,
which is very difficult for geometrically complex cast
components. Consequently, coating of cast parts with
duplex stainless steel is a reasonable approach. Among
coating processes, e.g., physical and chemical vapor
deposition, galvanizing, thermal spraying, etc., surface
welding yields a tough, metallurgical bonding (Ref 7-10).
Duplex stainless steels and gray cast irons both require
very different heat treatments, which is a challenge for
successful surface welding: On the one hand, fast cooling
rates after welding of lamellar gray cast iron cause
embrittlement and cracking due to martensite formation.
On the other hand, too slow cooling rates of duplex
stainless steel lead to embrittlement by precipitation of,
e.g., carbides, c-phase and o’-phase (475 °C embrittle-
ment) (Ref 11-13).

Successful surface welding of duplex stainless steel on
lamellar gray cast iron comprises a crack-free surface layer
with superior corrosion properties to gray cast iron. The
most promising approach is to aim for a low dilution with a
bargain cooling rate. Gas metal arc surface welding (GMA-
SW), especially the cold metal transfer process (CMT), and
plasma transferred arc surface welding (PTA-SW) have
been used to produce such surface layers (Ref 14). The
influences of surface welding parameters, e.g., helium
content in the shielding gas and preheating temperature, on
the weld beads were discussed in detail (Ref 15, 16). This
paper investigates the chemical compositions and
microstructures of the surface layers and discusses the
differences that originate from variations of surface weld-
ing parameters. The corrosion properties are tested with
electrochemical methods, and the corrosion mechanisms
are investigated by electron probe analyses.
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Surface Welding of Duplex Stainless Steel
on Lamellar Gray Cast Iron

During welding, the surface of a base metal is molten and
consumable is added to form a liquid pool where the two
materials fuse and a metallurgical bond is created upon
solidification. The cooling rates in welding are very high
due to heat conduction in the base metal, so the solidifi-
cation happens very fast and far from equilibrium condi-
tions. Depending on the exact cooling rates, solid phase
transformations take place.

Welding implies mixing of the consumable and the base
metal which leads to alterations of the composition, the
microstructure and the properties of the resulting surface
layer as compared to the pure consumable. The ratio of the
actual composition of a surface layer compared to the
composition of the pure consumable and the base metal is
termed dilution. It influences the microstructure, which
vice versa influences the corrosion resistance as well (Ref
17). Both dilution and cooling rate are very important to
the properties of the surface layer, especially in the case of
a duplex stainless steel (Ref 18).

Adding helium to an argon shielding gas increases the
thermal conductivity of the gas and thus results in (i) larger
heat input and (ii) a wider heat-affected zone. Both lead to
reduced cooling rates, as does preheating of the plate (Ref
15). Preheating also maintains the plate and the surface
layer at elevated temperatures, thereby facilitating diffu-
sion processes and phase transformations. As the surface
layer is produced by placing one weld bead next to the
other, the already solidified weld beads will partially melt
again or at least experience some heat treatment. This also
influences the resulting microstructure of the surface lay-
ers. Two different welding methods were used to prepare
surface layers with varying dilutions: GMA-SW and PTA-
SW. As their differences are already discussed in detail,
only a short survey and the variations of parameters are
given here (Ref 15).

Gas Metal Arc Surface Welding

In GMA-SW, a solid electrode is heated by an arc between
the electrode itself and the base metal. The arc has an
opening angle of approximately 45°, so an area of the base
metal with 4-5 mm diameter around the center of the arc is
heated as well, depending on the distance of the electrode
tip to the base metal. As the electrode tip surpasses the
melting temperature, droplets detach onto the surface of the
base metal. During the short circuit between the electrode
and the base metal, a high current flows between the two,
and thus, a high heat input is induced. The cold metal
transfer process is a digitally controlled welding process
that minimizes the current and retracts the solid electrode
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during the shortcut to reduce the heat input and to facilitate
droplet detachment (Ref 19, 20). The liquid pool is pro-
tected from oxidation and atmospheric contamination by a
shielding gas. The thermal conductivity of the shielding gas
also influences the shape of the arc, of the weld pool and
the amount of heat input. The width of the weld pool and
the heat input increase with higher heat conductivity of the
shielding gas. Due to the higher heat conductivity com-
pared to argon, welding with helium as a shielding gas
produces a broader weld pool and increases the tempera-
tures and the heat input on the base metal (Ref 21). A sort
of restriction to the GMA-SW process is that the melting of
the electrode and the stability of the arc are coupled, i.e.,
the welding parameters cannot be adjusted arbitrarily. This
stands opposed to the aim of a minimum heat input on the
base material and a minimum dilution of consumable and
base metal in the surface layer.

Plasma Transferred Arc Welding

In PTA-SW, a pilot arc between the plasma gas nozzle and
a tungsten electrode is used to ignite the inflowing plasma
gas. The plasma arc can be considered as almost cylindrical
with a homogeneous energy distribution. The diameter is
determined by the diameter of the plasma gas nozzle which
is typically a few millimeters. The consumable in form of a
powder is transported with a feeding gas through a second
nozzle, the powder nozzle, into the plasma arc where it
melts and drops onto the base metal to form the weld pool.
Shielding gas from a third nozzle protects the liquid weld
pool from oxidation and atmospheric contamination. An
advantage over GMA-SW is that in PTA-SW the powder
feeding rate, that is analogous to the electrode melting rate,
and the energy provided by the arc can be adjusted sepa-
rately. Through this, the heat input may be adjusted to a
minimum, so that only a very thin layer on surface of the
base metal is molten and fused with the consumable to a
surface layer with very low dilution.

Properties of Duplex Stainless Steel Surface Layers

The applied consumables have a composition similar to
steel grade X2CrNiMoN 22-5-3 (1.4462), whose
microstructure, after ideal heat treatment by solution
annealing and quenching, consists of about 40-60% ferrite
with balance austenite. This composition offers sufficient
hardness as well as ductility and an excellent corrosion
resistance due to about 23% chromium content (Ref 12). A
minimum amount of 11% chromium is recommended to
enable surface passivation in moderate corrosive environ-
ments by formation of a chromium oxide layer (Ref 22).
High levels of dilution with gray cast iron might eventually
reduce the chromium content of the surface layer below

11%. However, as this can only be the case for high levels
of dilution (> 50%), other factors are more important to a
sufficient corrosion resistance of the produced surface
layers:

e The formation and precipitation of phases upon cool-
ing: Phases that need to be considered are retained -
ferrite, o-phase and especially carbide phases (Ref 13).
The latter are of importance because chromium has a
high affinity to bond with carbon. This depletes the
phase boundaries of chromium and renders them
susceptible to corrosion (Ref 23).

e Prolonged diffusion times that may facilitate the
formation of carbide phases: The diffusion times are
increased by preheating, which lowers the cooling
rates, keeps the substrate and surface layer at high
temperature and therefore reduces residual stresses and
the risk of cracking (Ref 24). Cracks in the surface
layer represent failure of the corrosion protection.

e The width of the heat-affected zone surface: Helium
increases the heat conductivity of the shielding gas,
thereby increasing the width of the heat-affected zone,
while the shape of the arc also determines the surface
area that is heated, i.e., the area of enhanced diffusion
(Ref 21, 25).

e The welding speed and the deposition rate determine
the time required to cover a given area of the base metal
by surface welding. Low welding speeds imply long
durations during which heat is added to the base metal
and already solidified surface layer. This is also a factor
that may enhance diffusion and precipitation processes.
The deposition rate in GMA-SW is high, but the plasma
transferred arc process can be optimized to achieve
comparable deposition rates, however, at lower welding
speeds.

These four factors have a high impact on the composi-
tion and the resulting microstructure of the surface layer.
This paper presents the results of detailed microstructural
and composition analyses and their effect on the corrosion
mechanisms of the surface layers.

Methods
Gas Metal Arc Welding

At first, bead-on-plate welds were deposited on gray cast
iron (EN-GIJL-250) plates with dimensions
(w x I x h) 200 x 300 x 8 mm to determine a set of
fixed parameters that produce a weld bead with good
superficial appearance and low dilution while maintaining
a stable process. Using these parameters, surface layers
were welded on an area of about (w x ) 100 x 250 mm.
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A solid wire electrode with 1 mm diameter supposed for
welding of duplex stainless steel was used (Ref 26). For
investigation of the influence of cooling rates and pro-
longed diffusion times, the preheating temperature was
varied between 25 °C (no preheating) and 400 °C and the
amount of helium in the shielding gas was increased from a
pure argon gas (0% He) to a gas mixture with 30% helium
(ArHe30) to pure helium (100% He) to increase the heat
conductivity of the shielding gas. The synergetic cold
metal transfer adapts to the environmental conditions
(preheating and shielding gas composition) and controls
the welding current and voltage to maintain the stability of
the arc (Table 1). Additionally, to obtain one sample with
high purity, a five-pass overlay-welding was performed on
a plate of low-alloy steel S355. This sample with approx.
0% dilution is termed all-weld metal and will serve as a
reference to the (maximum) potential of surface welded
duplex stainless steel.

Plasma Transferred Arc Welding

Analogous to the procedure followed with GMA-SW, a set
of parameters that produce a weld bead with accept-
able superficial appearance and low dilution was estab-
lished for PTA-SW of duplex stainless steel on gray cast
iron. The used consumable has a powder fraction of
— 150 + 53 pm (Ref 27). Different to GMA-SW, an
oscillation of the torch with 20 mm amplitude and 1 Hz
frequency was applied during the surface welding. The
influence of cooling rates and prolonged diffusion times
was investigated by variation of the preheating temperature
to 25 °C (no preheating), 200 °C and 400 °C. Argon was
used as plasma gas, feeding gas and shielding gas. Through
the separated arc control and powder feed, the adjusted
welding current and voltage do not adapt to the environ-
mental conditions (preheating temperature) and are kept
constant instead (Table 2).

Table 1 Variation of parameters for gas metal arc surface welding
(GMA-SW)

Current, A Voltage, V Preheating temperature, °C  Shielding gas

102.0 12.9 25 Ar
117.6 17.3 400 Ar
122.0 19.1 25 ArHe30
154.6 23.1 400 ArHe30
114.5 23.8 25 He
118.2 24.8 400 He

Fixed parameters: arc length = 14 mm, torch inclination = 20°, travel
speed = 40 cm min~", shielding gas flow = 18 1 min~"', wire feeding
rate =7 m min~!, wire diameter = I mm  and deposition
rate = 2.6 kg h™!
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Chemical and Microstructural Characterization

To prevent any unaccounted heat input, water jet cutting is
used to cut round specimens from the prepared plates for
chemical and metallographic analyses and for corrosion
tests. The neighboring weld beads that comprise the surface
layer cause high surface roughness, so all specimens are
smoothened by mechanical, water-cooled grinding (600
grit).

The chemical composition in weight percent is deter-
mined by spark optical emission spectroscopy at three
spots on the surface layers. From the elemental concen-
tration in the surface layer X; of elements Fe, Cr and Ni, the
corresponding concentration of the base material Xg and
the consumable Xy, the mean dilution is determined by
Eq 1 (Ref 28, 29) (Fig. 1).

Xi — Xw

%Dilution =
B — Xw

* 100%. (Eq 1)

On the cross section of the surface layers, energy-dis-
persive x-ray spectroscopy (EDX) at single spots as well as
concentration mappings of selected elements is applied to
further assess the microstructure and to reconstruct the

solidification mechanisms of the surface layers. It is noted,

Table 2 Variation of parameters for plasma transferred arc surface
welding (PTA-SW)

Current, A Voltage, V Preheating temperature, °C
149.1 19.5 25
149.1 19.2 200
149.2 19.2 400

Fixed parameters: arc length = 5 mm, plasma gas nozzle diame-
ter =3 mm, torch inclination = 0°, travel speed =5 cm min~!,
oscillation amplitude = 20 mm, oscillation frequency = 1 Hz, plasma

gas flow = 0.5 1 min™', feeding gas flow = 3 1 min~', shielding gas
1

flow = 10 1 min™" and deposition rate = 1.4 kg h™"

Consumable

--------- Surface layer

=====- Heat affected zone

-- Base metal

Fig. 1 Schematic drawing of a surface layer composed of a single
weld bead prepared by gas metal arc welding. The composition of the
surface layer is a mixture of consumable and base metal with the
chemical compositions being: Xj: the surface layer, Xyw: the consum-
able and Xg: the base metal
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that carbon cannot be quantified reliably by EDX, but the
determined values are useful for comparison if the mea-
surement conditions remain constant. Therefore, relative
carbon concentrations are given and discussed only
qualitatively.

Corrosion Testing

To investigate the corrosion resistance of the surface layers
in an application-related environment, electrochemical
tests are performed in artificial seawater prepared follow-
ing DIN 50905-4:2017-07. A ring-shaped galvanic tape is
applied on the surface to obtain a defined test surface area
of 1 cm?.

Potentiodynamic polarization tests are used to investi-
gate the formation of a passive layer and corrosion kinetics
under external polarization of the sample surface. The
polarization range is — 200 mV to +1200 mV versus open
circuit potential (recorded for 900 s), and the scanning
speed is 1000 mV/h. The form of the current density—
potential curve, the open circuit potential and the break-
through potential are discussed to explain the kinetic
behavior of active or passive corrosion.

Electrochemical impedance spectroscopy (EIS) is used
to investigate the formation of (passive) layers that form
without external polarization. The potential range is +
10 mV versus open circuit potential, and the scanned fre-
quency range is 100,000-0.02 Hz. Impedance spectroscopy
measurements are taken after 24 h recording of open cir-
cuit potential. Due to the nondestructive character of the
EIS measurement, this is also considered as a 1-day
immersion test. A modeling approach using a simplified
Randles cell as equivalent circuit allows estimation of the
double-layer capacitance, the charge transfer resistance and
the solution resistance (Fig. 2). The capacity is replaced by
a constant phase element (CPE), because it produces better
fitting results. From a physical point of view, the constant
phase element accounts for, e.g., surface roughness (Ref
30). The software Gamry Echem Analyst (Version 7.03, C3
Prozess-und Analysentechnik GmbH, Munich, Germany) is
capable of constructing the equivalent circuit and modeling
the data. It provides the values for the elements of the

R

ct

R

Cdl

Fig. 2 Simplified Randles cell. R: solution resistance, R.: charge
transfer resistance and Cg;: double-layer capacitance

circuit and has all means to convert the values obtained for
the CPE into a capacity.

Cross sections of the samples corroded in the potentio-
dynamic polarization measurements are prepared for met-
allographic investigation. Etching reveals selective
corrosion mechanisms as well as the phase composition.
EDX mappings and single spot analysis is an excellent
means to visualize, e.g., chromium depletion.

Results
Chemical and Microstructural Investigation

The dilution increases with both preheating temperature
and, for the surface layers produced with GMA-SW,
increasing amount of helium in the shielding gas (Table 3).
At highest dilution, the carbon concentration increases as
high as 1.31%, while the chromium concentration decrea-
ses as low as 13.3%. The iron content increases and the
nickel content decreases with increasing dilution. For PTA-
SW without preheating, the dilution is only 2.02%, i.e., the
composition is nearly the same as that of the reference
duplex stainless steel.

Using the formulas and the diagram developed by
Schaeffler, the chromium and nickel equivalents predict a
composition of approx. 50% austenite and 50% ferrite for
the consumables. For decreasing percentages of chromium
equivalent and increasing percentages of nickel equivalent,
i.e., for increasing dilution, the Schaeffler diagram predicts
increasing amounts of austenite (Ref 31). In the area of
interest of the Schaeffler diagram, a higher chromium
equivalent promotes ferrite formation, while a higher
nickel equivalent promotes austenite formation. For a
chromium equivalent (Eq 2) lower than 24% and a nickel
equivalent (Eq 3) higher than 19%, corresponding to a
calculated dilution of 10%, a microstructure of 100%
austenite is to be expected.

YNieq = %Ni+ 30 - %C + 0.5 - %Mn
%Creq = %Cr + %Mo + 1.5 - %Si + 0.5 - %Nb.

(Eq 2)
(Eq 3)

Metallographic etching reveals the microstructure and
facilitates evaluation of phase composition (Fig. 3, 4, 5, 6
and 7). Groesbeck’s reagent etches carbides heavily, ferrite
a little less and leaves austenite pristine. With digital image
analysis, the amount of austenite in the all-weld metal
produced by GMA-SW is determined to 63.0% (Fig. 8,
Table 3). With increasing dilution, the chromium equiva-
lent decreases, while the nickel equivalent increases.
However, it is interesting to see that the determined amount
of austenite does not increase correspondingly, as would
have been expected by the Schaeffler diagram: The highest
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Table 3 Dilution, chemical composition, chromium and nickel equivalents, and determined austenite content of the reference materials and the
surface layer, and the respective surface welding parameters

Dilution, C, Mn, Cr, Mo, Ni, N, Fe, Cregs Nicg, Austenite,
% wt% wt% wt% wt% wt% wt% wt% % % %
Gray cast iron 3.43 0.76 0.11 0.04 0.1 92.0 3.1 103
Duplex stainless steel 0.024 1.69 21.6 3.13 5.73 0.158 66.7 25.6 10.3 52.7
Gas metal arc surface welding
All-weld metal 0.0 0.022 1.69 22.7 3.14 8.73 0.146 62.9 26.6 10.3 63.0
Shielding Preheating
gas
Ar None 5.23 0.120 1.65 21.6 2.89 8.29 0.118 64.6 25.3 12.7 68.6
ArHe30 None 10.5 0.304 1.59 20.7 2.78 7.71 0.113 66.0 24.4 17.6 81.2
He None 30.8 0.982 1.32 15.8 2.06 6.21 0.103 72.4 19.2 36.3 72.8
Ar 400 °C 12.8 0.413 1.55 19.8 2.68 7.71 0.122 66.9 23.5 20.9 92.6
ArHe30 400 °C 19.7 0.632 1.49 18.3 2.43 7.13 0.113 69.0 21.8 26.8 82.8
He 400 °C 422 1.312 1.23 133 1.73 5.23 0.099 75.8 16.7 45.2 69.2
Plasma transferred arc surface welding
Consumable (Ref 27) 0.0 0.029 1.20 234 3.22 5.66 0.150 65.3 27.8 7.14
Shielding Preheating
gas
Ar None 2.02 0.022 1.10 225 3.17 5.75 0.193 66.2 26.6 6.96 46.4
Ar 200 °C 3.25 0.051 1.07 22.1 3.12 5.70 0.189 66.6 26.3 7.77 47.0
Ar 400 °C 22.6 0.475 0.98 17.8 241 4.67 0.127 72.2 21.6 19.4 73.9
(a)
.\

(b) e ,4"7;?“’!/'
£ Precipitate [

e

[ 5pm B
(©) 3

S um 10 um

e T
Fig. 3 Surface layer with a dilution of 2.02% (PTA-SW, argon gas, Fig. 4 Surface layer with a dilution of 10.5% (GMA-SW, argon—
no preheating). (a) Optical microscopy etched with Groesbeck’s helium gas, no preheating). (a) Optical microscopy etched with
reagent, (b) SEM image and (c) Cr concentration mapping (intensity Groesbeck’s reagent, (b) SEM image, and (c) Cr concentration
of red is a function of Cr concentration) (Color figure online) mapping (intensity of red is a function of Cr concentration) (Color

figure online)
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| Matrix |

10 um

Fig. 5 Surface layer with a dilution of 12.8% (GMA-SW, argon gas,
400 °C preheating). (a) Optical microscopy etched with Groesbeck’s
reagent, (b) SEM image, and (c) Cr concentration mapping (intensity
of red is a function of Cr concentration) (Color figure online)

(a) T

o‘l.

Fig. 6 Surface layer with a dilution of 22.6% (PTA-SW, argon gas,
400 °C preheating). (a) Optical microscopy etched with Groesbeck’s
reagent, (b) SEM image, and (c) Cr concentration mapping (intensity
of red is a function of Cr concentration) (Color figure online)

amount of austenite was determined for the surface layer
with a dilution of 12.8%. Similar amounts of austenite
(81.2-82.8%) occur for very dissimilar dilutions of 10.5%
and 19.7%. The amount of austenite at highest dilution is
only 69.2%, contradicting the direct relationship between

10 um

Fig. 7 Surface layer with a dilution of 42.2% (GMA-SW, helium
gas, 400 °C preheating). (a) Optical microscopy etched with Groes-
beck’s reagent, (b) SEM image, and (c) Cr concentration mapping
(intensity of red is a function of Cr concentration) (Color
figure online)

100 =
90 " oCr eq ®Ni_eq
%0 4 © Austenite
g0 o — .
£5 60
5
g d 50 Oo A
8= 40
g i A
2730 o 3
= O
% o 20 l a FAY 7y
[m]
10 %75
0
0 10 20 30 40 50

Dilution [%]

Fig. 8 Chromium and nickel equivalents and determined austenite
content of the welded samples. Cross represents the all-weld metal,
circles represent the plasma transferred arc welding, squares represent
gas metal arc welding with argon, diamonds represent gas metal arc
welding with argon-helium and triangles represent gas metal arc
welding with helium. Filled symbols represent 400 °C preheating

dilution and amount of austenite that the Schaeffler dia-
gram predicts. For GMA-SW without preheating, argon—
helium gas results in the highest amount of austenite;
however, with preheating to 400 °C, the amount of
austenite decreases with increasing helium content. For
very low dilutions of the surface layers produced with
PTA-SW welding, the amount of austenite is 46.4-47.0%,
which is close to that of the reference duplex stainless steel.
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At 22.6% dilution, the amount of austenite is 73.9%, which
is similar to the amount of austenite of the surface layer
with 30.8% dilution produced with GMA-SW.

The austenite is only one constituent of the
microstructure, which can also comprise ferrite, but car-
bides and other precipitates as well. To investigate the
chemical composition of the phases found in the actual
microstructure, EDX analyses were performed on selected
spots of the matrix and the precipitates. For simplicity, the
composition determined for the precipitates is normalized
to the values determined for the matrix (Fig. 9, Table 4).

For the all-weld metal, the amount of ferrite-stabilizers
chromium and molybdenum in the precipitates is lower
than in the matrix (< 100%). Vice versa, the amount of
austenite-stabilizer nickel in the precipitates is higher than
in the matrix (> 100%), i.e., the microstructure comprises
63% austenite precipitates in a ferrite matrix, which is
typical for welded duplex stainless steels of similar com-
position (Ref 23). The deviations between the elemental
concentrations in the matrix and precipitates, that is the
deviation of the introduced ratio from 100%, are rather
low, indicating a homogeneous distribution of elements.
The surface layer with 2.02% dilution prepared by PTA-
SW welding shows an even more homogeneous distribu-
tion of elements, with the ratio for iron even reaching
balance. In the precipitates, the nickel concentration is a
little higher, while chromium and molybdenum concen-
trations are lower, evidencing austenite in a ferrite matrix.
Aside from an opposite trend in the carbon concentration,
the same holds true for the surface layer with 3.25%
dilution prepared by PTA-SW welding, where the homo-
geneity of the element distribution is a little less. There is a
major change considering the samples with dilutions higher

600
eC oCr oNi ® Mo @F¢|

500 ‘

400

300

200

100 %68+

Element concentration in precipitates /
Element concentration in matrix [%]

0 10 20 30 40 50
Dilution [%]

Fig. 9 Ratio of elemental concentration in the precipitates to the
corresponding elemental concentration in the matrix, determined by
EDX measurements. Cross represents the all-weld metal, circles
represent the plasma transferred arc welding, squares represent gas
metal arc welding with argon, diamonds represent gas metal arc
welding with argon-helium and triangles represent gas metal arc
welding with helium. Filled symbols represent 400 °C preheating
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than 5% with increasing ratios for molybdenum, carbon
and chromium and decreasing ratios for iron and nickel
(Fig. 9). While the increasing behavior of iron and
nickel ratios confirms that it is mostly an austenite matrix,
carbon and chromium ratios show similar, decreasing
trends. Together with the strongly increased molybdenum
content in the precipitates, it is a plausible assumption that
the precipitates are chromium carbides and c-phase (Ref
32).

This is proof that the composition, i.e., only the Scha-
effler diagram cannot serve to estimate the resulting
microstructure for the surface layers at hand. Firstly, the
reason for this is the unaccounted influence of heat input
and cooling rates by either preheating or the modifications
to the heat distribution on the surface by additional helium
in the shielding gas. Secondly, the Schaeffler diagram does
not account for precipitation that evolves during cooling or
elevated temperatures that are held after welding, i.e., post-
weld heat treatments.

For a better understanding of the microstructure, the
metallographic cross sections etched with Groesbeck’s
reagent, SEM micrographs and EDX analysis of the surface
layers with a dilution of 2.02%, 10.5%, 12.8%, 22.6% and
42.2% are qualitatively discussed to elaborate the influence
of preheating and increasing helium content in the shield-
ing gas on the microstructure of the surface layers.

The surface layer with a dilution of 2.02% (PTA-SW,
argon gas, no preheating) comprises a ferrite matrix (light
gray) with austenite grains (bright) and a few spherical
inclusions (Fig. 3a). The ferrite matrix and austenite pre-
cipitates are more clear in the SEM image; the chromium
concentration mapping taken at the same spot shows no
variation in the chromium concentration between austenite
and ferrite (Fig. 3b, c). Considering the presence of a fer-
rite matrix, it is probable that the weld pool solidified
purely into &-ferrite and that upon rather rapid cooling,
transformation into austenite occurred, while the rest of it
remained as retained o-ferrite (Ref 33, 34). The cooling
rate was apparently sufficiently high and post-weld heat
input low, respectively, so that a ferrite-to-austenite ratio of
approximately 54:46 could be obtained. The microstruc-
tures of the surface layers with 3.25% and 5.23% dilution
showed a similar appearance, but slightly increasing
austenite ratios due to the increasing amount of austenite-
stabilizing elements, e.g., carbon and nickel. In the
microstructure of the surface layer with 5.23% dilution,
very small carbide precipitates were observed.

For a dilution of 10.5% (GMA-SW, argon—helium gas,
no preheating), the microstructure composes mainly
austenite (bright) with ferrite (light brown) and a small
amount of carbide precipitates (dark) that have the same
morphology as the ferrite (Fig. 4a). This means that the
cooling rates during surface welding were lower than in
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Table 4 Ratio of elemental Process Shielding gas  Preheating, °C  Dilution, % C,% Cr,% Ni,% Mo, % Fe, %

concentration in the precipitates

to the corresponding elemental — Gyvasw  Ar None 0.0 937 917 133 692 102

concentration in the matrix,

determined by EDX PTA-SW Ar None 2.02 105 98.5 106 86.0 100

measurements PTA-SW Ar 200 3.25 92.1 97.1 114 76.1 101
GMA-SW  Ar None 523 109 126 925 215 84.2
GMA-SW ArHe30 None 10.5 180 147 66.8 348 72.1
GMA-SW  Ar 400 12.8 153 174 556 473 65.9
GMA-SW  ArHe30 400 19.7 207 174 524 488 66.0
PTA-SW Ar 400 226 182 191 40.5 490 61.4
GMA-SW He None 30.8 200 235 487 448 64.4
GMA-SW  He 400 422 238 276 399 39 62.6

PTA-SW without preheating, but high enough to conserve
a little amount of ferrite. The carbides precipitated from the
ferritic phase. Possibly, the heat input by an increased
thermal conductivity of the argon—helium shielding gas
facilitated diffusion of carbon and chromium in the
austenite to the grain boundaries. Then, a phase transfor-
mation from ferrite to carbide occurred. However, the
mapping of the chromium concentration does not indicate
any apparent color differences, i.e., the chromium distri-
bution is rather homogeneous, which is also confirmed by a
relative chromium concentration of 147% in the precipi-
tates (Fig. 4b, c, Table 4).

At a dilution of 12.8% (GMA-SW, argon gas, 400 °C
preheating), the microstructure seems to comprise only
austenite (light) and carbide precipitates (dark) (Fig. 5a).
The EDX mapping indicates obvious differences in the
chromium concentration between the matrix (dark red) and
precipitate (light red) (Fig. 5b, c). It is assumed that pre-
heating greatly enhanced diffusion processes, especially
the diffusion of carbon and chromium from the austenite
matrix to the grain boundaries. There, phase transforma-
tions took place, converting any remaining ferrite to
chromium carbide with a relative chromium concentration
of 174%.

With a dilution of 22.6% (PTA-SW, argon gas, 400 °C
preheating), the microstructure comprises only austenite
(bright) and carbide precipitates (dark) that appear evenly
distributed in the austenite matrix (Fig. 6a). The precipi-
tates are distinctly observed in the SEM image and enri-
ched with 191% relative chromium concentration
compared to the surrounding matrix (Fig. 6b, c, Table 4).
At such dilutions, great amounts of the liquid weld pool
solidified probably mostly austenitic and any retained fer-
rite transformed into carbide, enabled by prolonged heating
after the welding. During the extended heating time, dif-
fusion of carbon and chromium facilitates the growth of the
carbide precipitates.

A dilution of 42.2% (GMA-SW, helium gas, 400 °C
preheating) provides large amounts of carbon in the surface

layer. It also influences the solidification of the liquid weld
pool in such a way that carbides may form directly from the
melt, resulting in the observed dendritic microstructure
(Fig. 7a). The high heat input caused by the chosen process
parameters provides sufficient energy to facilitate diffusion
of both carbon and chromium to the phase boundaries.
Subsequently, by maintaining the preheating temperature
and lowered cooling rates, large amounts of carbide grow
and interconnect into a dense, chromium enriched network,
which renders the chromium mapping very clear (Fig. 7b,
c). The intense red colors represent the high-chromium
phase and the darker red corresponds to the austenite. That
network very sharply separates the individual austenite
phases.

With increasing dilution, the primary solidification
changes from ferritic into more austenitic character, and
upon decreasing cooling rates and increasing preheating
temperatures, more carbon is available for carbide forma-
tion (Table 3) (Ref 33). Increasing heat input by preheating
and a wider heat distribution by adding helium to the
shielding gas facilitate diffusion and phase transformations.
From evenly balanced austenite and ferrite phases at 2.02%
dilution, a transformation of the ferrite phase into carbides
is observed at 10.5% dilution which was enabled through
the broader heat distribution on the surface produced by the
higher conductivity of the argon—helium mixture shielding
gas. Complete transformation of the ferrite into austenite
and carbides at 12.8% dilution was enabled through the
preheating temperature of 400 °C which was held after the
welding. Similarly, at 22.6% dilution, the carbides in an
otherwise purely austenitic matrix have grown larger.
Eventually, a very pronounced, highly interconnected car-
bide network, which confines individual austenitic phases,
forms at a dilution of 42.2%. The ratio of chromium in the
precipitates compared to the austenite phases is 276%. This
means that on the one hand, there is chromium enrichment
in the precipitates, while on the other hand, there is a
considerable chromium depletion in the phase boundaries
of the austenite.
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Increasing amounts of carbon stabilize austenite for-
mation because of the lower carbon solubility limit of
ferrite. However, for dilutions of the surface layers with a
dilution above 12% (which corresponds to 0.4% carbon),
the risk of carbide precipitation increases. The amount of
carbides in the surface layer with a dilution of 12.8%
(GMA-SW, argon gas, 400 °C preheating) is comparably
low. This is the result of low thermal conductivity of pure
argon, resulting in a narrow heat distribution on the surface
and applied preheating temperatures. Cooling rates are low
and heat input is high; thus, extensive austenite formation
occurs (92.6%).

For GMA-SW, interconnection of the precipitates, i.e., a
carbide network, does occur already at a dilution of 19.7%,
(argon—helium gas, 400 °C preheating), and for a dilution
of 30.8% (helium gas, no preheating), but not for a dilution
of 12.8% (argon gas, 400 °C preheating) (Fig. S). For
PTA-SW, however, at a dilution of 22.6% (argon gas,
400 °C preheating), no interconnected carbide network was
observed, which may again be explained by a narrow heat
distribution, except that in this case, this narrow heat dis-
tribution is the result of the columnar arc that intrinsically
does not affect formerly welded areas as much as does the
conical arc of the GMA-SW process (Fig. 6).

Thus, it appears that the microstructure is not only
determined by the dilution, but also by the width of the heat
treated area, that is the surface area, where diffusion and
phase transformation are excited by a wider heat distribu-
tion through the shape of the arc or through an increased
heat conductivity of the shielding gas obtained by helium
addition.

In summary, the microstructures of the surface layers
with dilutions up to 3.25% comprise ferrite and austenite,
while up to 10.5% austenite, ferrite and small amounts of
carbides compose the microstructure. At a dilution higher
than 12.8%, ferrite is not found in the microstructures
anymore, which is instead composed of austenite and
carbide precipitates. The amount of carbide precipitates
increases for the surface layers with increasing dilution. At
dilutions of 30.8% and 42.2%, a carbide network that
confines austenite grains is observed.

Corrosion Testing
Potentiodynamic Polarization

Photographs of the sample surfaces were taken after the
potentiodynamic polarization test (Fig. 10). The surface of
gray cast iron is extensively corroded after the potentio-
dynamic polarization, while the reference duplex stainless
steel, the all-weld metal (GMA-SW) and the surface layer
with 2.02% dilutions did not corrode (Fig. 10a-d). Every
surface layer with dilution higher than 3.25% exhibited
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corrosion in the test, which is evident by various corrosion
marks on the surface layers after the test (Fig. 10e-1). On
the surface layer with 3.25% dilution, there are a few traces
of corrosion at the transition between the test zone and the
outer zone that was covered by the galvanic tape. The
surface layers with dilutions of 5.23% and 10.5% are
partially covered with corrosion products, and few local
corrosion marks are visible. Two straight-line features and
a ring-shaped feature appear on the surface layer with a
dilution of 12.8%. At a dilution of 19.7%, the surface is
covered with corrosion products and crevice corrosion is
observed. A similar appearance can be observed on the
surface layer with 22.6% dilution. Distinct corrosion in a
ring-shape and some local corrosion occurred on the sur-
face layers with dilutions of 30.8% and 42.2%. All surface
layers corroded less than the gray cast iron.

This gives qualitative information about the corrosion
appearance, but current density—polarization curves allow
for comparison of the different open circuit potentials and
the corrosion kinetics, e.g., the formation and breakdown
of a passive layer.

The open circuit potential of the all-weld metal (GMA-
SW) is about 470 mV more positive, i.e., nobler, compared
to the lamellar gray cast iron (EN-GJL-250) (Fig. 11). The
steep increase in current density after passing the open
circuit potential for lamellar gray cast iron is typical for
active corrosion. The extended plateau at low values of
current density after passing the open circuit potential of
the all-weld metal is typical for the formation of a passive
layer. The plateau extends for about 1100 mV, until the
current density increases sharply, indicating the (local)
breakdown of the passive layer.

The current density—potential curves of the GMA-SW
surface layers are between gray cast iron and the all-weld
metal (GMA-SW), which confirms the visual examination.
The open circuit potentials are almost identical to that of
the all-weld metal (GMA-SW), except for those of the
surface layers with dilutions of 30.8% and 42.2% (helium
gas). For the surface layer with a dilution of 5.23% (argon
gas, no preheating), the passive region extends over
400 mV and 200 mV for the surface layer with a dilution
of 10.5% (argon-helium gas, no preheating), respectively.
The surface layers with dilution of 12.8% and 19.7% do not
show extended passivity, but characteristics of active cor-
rosion, i.e., a sharp increase in current directly after passing
the open circuit potential. The same behavior is found for
the surface layers with 30.8% and 42.2% dilution; how-
ever, they have more negative, i.e., less noble, open circuit
potentials, which are still far more noble than that of gray
cast iron (Fig. 11).

To facilitate the assessment of the PTA-SW surface
layers, especially the ones with very low dilution, the
respective current density—potential curves are compared to
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Fig. 10 Photographs of the test
zones after potentiodynamic
polarization measurement
(Color figure online)

@ 2.02 %

the curves of the GMA-SW surface layers that showed
passive behavior, i.e., 5.23% and 10.5% dilution, the all-
weld metal (GMA-SW) and a commercially available
duplex stainless (1.4462) (Fig. 12). The 1.4462 has an open
circuit potential similar to the all-weld metal (GMA-SW),
but its passive region has a slightly higher extension
compared to the all-weld metal (GMA-SW). In fact, all
PTA-SW surface layers have an open circuit potential close
to that of the duplex stainless steel and all exhibit a passive
region. The passive region is shortest for the surface layer
with 22.6% dilution. After that passive region, the current
density increases sharply, which indicates active corrosion.
The extension of the passive region of the surface layer
with 3.25% dilution is almost twice as wide compared to

@ EN-GJL-250

() 1.4462 © 0.0 %

{05.23 %4

® 19.7 %

5.23% dilution, after which the current increases moder-
ately. Lastly, the current density—potential curve of the
surface layer with 2.02% dilution is similar to the curve of
the all-weld metal (GMA-SW) up to the very end of the
1100 mV passive region which is comparable to the duplex
stainless steel (Fig. 12).

Immersion and Electrochemical Impedance Spectroscopy

After 24 h of immersion followed by EIS measurement, the
surface of gray cast iron is completely corroded, while
there is no corrosion observed for the duplex stainless steel,
the all-weld metal (GMA-SW) and the surface layers with
dilution of up to 10.5% (Fig. 13). The surface layers with
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Fig. 11 Current density—potential curves of GMA-SW surface layers
and reference materials (0.0%: all-weld metal) (Color figure online)
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Fig. 12 Current density—potential curves of PTA-SW surface layers
and low dilution GMA-SW surface layers (5.23% and 10.5%) and
reference materials all-weld metal (GMA-SW, 0.0%) and duplex
stainless steel (1.4462) (Color figure online)

dilutions of 12.8%, 19.7%, 22.6% and 30.8% show few
corrosion pits. On the surface layer with a dilution of
42.2%, there is a large number of corrosion marks.

Pitting corrosion on the surface layer with dilution of
12.8% and higher seems to initiate preferably in a linearly
stretched area (especially Fig. 13h, k). The images are
arranged in such a way that, for the surface layers, the weld
direction is approximately horizontal. By visual inspection
of the cross section of the samples, it is clear that this area
corresponds to the transition between two weld beads.

In contrast to the potentiodynamic polarization mea-
surements, no crevice corrosion is observed during
immersion followed by EIS measurement, but only pitting
corrosion. This implies that some protective layer, which is
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locally penetrated during immersion, can form on all sur-
face layers (Ref 35). It also proves the less destructive
character of the immersion and EIS measurement com-
pared to potentiodynamic polarization. The Bode plot
obtained by the EIS measurements provides characteristics,
e.g., the impedance magnitude (solid lines, left y-axis) and
the phase shift (dashed lines, right y-axis), of the layers
after 24 h of immersion (Fig. 14, 15).

For low dilutions, the maximum phase shift increases,
which is an indication of a more capacitor-like response of
the passive film formed on the surface layer. At low fre-
quencies, the impedance magnitude increases for decreas-
ing dilution (at low frequencies, this gets close to an ohmic
resistance, which is the charge transfer resistance). A high
charge transfer resistance and capacitor-like behavior are
inherent to an insulating passive film.

Fitting the results from the EIS measurements to the
equivalent circuit of a simplified Randles cell provides
values for the solution resistance R, the charge transfer
resistance R, and the double-layer capacitance Cy; (Fig. 2,
16, Table 5). The solution resistance is constant. The
charge transfer resistance decreases for increasing dilution.
This corresponds to a less protective passive film or an
increasingly compromised passive film. The higher the
charge transfer resistance, the more hindered is any
(electro-) chemical reaction between sample and elec-
trolyte. There is a significant step in the charge transfer
resistance of roughly two orders of magnitude between
10.5% and 12.8% dilution (Fig. 16). This is in exact
agreement with the phenomenological difference in the
corrosion behavior that is visually observed after the
measurement, where the surface layer with 12.8% dilution
corroded locally but the surface layer with 10.5% dilution
did not (Fig. 13g, h). From this result, it is safe to say that
the surface layers with dilutions below 10.5% are capable
of forming a dense and stable passive layer under the
applied test conditions.

The double-layer capacitance is minimum for the sur-
face layers with dilutions of 5.23% and 10.5% and then
increases with the dilution. The increase in the capacitance
may result from a thinner dielectric film (the passive film).
Due to corrosion, resulting in an electrochemically unsta-
ble system, the application of the determined values for the
description of that system is questionable as there are many
factors involved, e.g., the size of active corrosion sites and
the area of passive surface.

In general, the results from the combined immersion and
EIS measurement describe the effect of both dilution and
carbide precipitates: On the one hand, increasing dilutions
reduce the amount of chromium available to passive layer
formation. On the other hand, chromium is bound in car-
bide precipitates, further reducing the available amount of
chromium. Thus, increasing levels of dilution and carbide
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Fig. 13 Photographs of the test
zones after 24 h immersion and
EIS measurement (Color

figure online)

precipitates in the microstructure lead to reduced corrosion
resistance of the surface layers even under immersion
conditions.

Investigation of the Corrosion Mechanisms After
Potentiodynamic Polarization Measurement

SEM micrographs and EDX analyses are used to investi-
gate the corrosion mechanisms that occurred during the
electrochemical polarization measurements. Exemplarily,
the surface layers with a dilution of 10.5% (GMA-SW,
argon-helium gas, no preheating), 12.8% (GMA-SW,
argon gas, 400 °C preheating), 22.6% (PTA-SW, argon
gas, 400 °C preheating) and 42.2% (GMA-SW, helium gas,

@ EN-GJL-250_

(b) 1.4462

®5.23 %

(e) 3.25 %j

400 °C preheating), whose microstructures were already
discussed, are chosen to represent the influence of dilution
and microstructure on the corrosion mechanism (Fig. 17).

The corrosion on the surface layer with a dilution of
10.5% (GMA-SW, argon-helium gas, no preheating)
occurred locally, i.e., the greatest part of the surface
remained passive. The chromium enrichment in the pre-
cipitates is 147% compared to the matrix. Local corrosion
attacked mainly the phase boundaries of austenite
(Fig. 17a). More distributed local corrosion occurred on the
surface layer with a dilution of 12.8% (GMA-SW, argon
gas, 400 °C preheating). The phase boundaries between the
austenite and the precipitates corroded selectively and
holes opened up for the corrosive medium to enter
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Fig. 14 Bode plot after 24 h immersion and EIS measurement of
GMA-SW surface layers and reference materials (0.0%: all-weld
metal) (Color figure online)
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Fig. 15 Bode plot after 24 h immersion and EIS measurement of
PTA-SW-welded surface layers and low dilution GMA-SW surface
layers (5.23% and 10.5%) and reference materials all-weld metal
(GMA-SW, 0.0%) and duplex stainless steel (1.4462) (Color
figure online)

(Fig. 17b). Below the surface, oxygen depletion and acid-
ification lead to more aggressive corrosion conditions
comparable to crevice corrosion (Ref 35). The corrosion
mechanism that occurred on the surface layer with 22.6%
dilution also selectively attacked the phase boundary
between the carbide precipitates and the austenite
(Fig. 17c). It can be seen that a very thin layer between
these two phases was dissolved and that corrosion of the
austenite grains stopped after that. That same corrosion
mechanism is more pronounced at a dilution of 42.2%
(GMA-SW, helium gas, 400 °C preheating), where the
surface was undercut from corrosion to such an extent, that
the top layer almost lost connection to the bulk. The cor-
rosion proceeded along the chromium-depleted phase
boundaries deeper into the surface layer (Fig. 17d). The
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Fig. 16 Extracted data from EIS measurement after 24 h immersion
of surface layers and all-weld metal (GMAW, 0.0%). R;: solution
resistance, R.: charge transfer resistance and Cgy: double-layer
capacitance. Cross represents the all-weld metal, circles represent
the plasma transferred arc welding, squares represent gas metal arc
welding with argon, diamonds represent gas metal arc welding with
argon-helium and triangles represent gas metal arc welding with
helium. Filled symbols represent 400 °C preheating (Color
figure online)

austenite grains were attacked only at their phase boundary,
where the local chromium concentration was lowest. The
corrosion stopped at the inner part of the austenite, where
the chromium concentration is high enough for corrosion
resistance.

Potentiodynamic polarization measurements in artificial
seawater yield that increasing dilution reduces the corro-
sion resistance of the surface layers. The chromium-de-
pleted phase boundaries corroded selectively. This
mechanism gets more intense with higher chromium
enrichment in the precipitates and is most severe for an
interconnected carbide network.

Conclusion

It is clear that the dilution determines the corrosion resis-
tance of the surface layers, while the microstructure seems
to determine the corrosion mechanism. To clearly distin-
guish between the two effects, the conclusion is subdivided
into three parts that describe the influence of the dilution
and the microstructure on the corrosion resistance at first
separately, and finally, the corrosion resistance of the sur-
face layers is regarded as a result from the welding process
that produces the respective dilutions and microstructures.

Influence of Dilution on Corrosion Resistance

As evident from the potentiodynamic polarization mea-
surements, the dilution of the consumable (duplex stainless
steel) with the base material (gray cast iron) has a strong
influence on the corrosion resistance and the ability to form
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E?Sb lri:as]j:etr?;idagzia;;m}? Process Shielding gas Preheating, °C Dilution, % R,, ohm R, Mohm Cq, WF

immersion of surface layers and  § 4467 12.1 1.576 42.26

reference materials all-weld

metal (GMA-SW, 0.0%) and GMA-SW Ar None 0.0 11.4 3.759 27.40

duplex stainless steel (1.4462) PTA-SW Ar None 2.02 13.9 2.300 43.70
PTA-SW Ar 200 3.25 12.1 3.992 31.75
GMA-SW Ar None 5.23 11.8 2.490 11.16
GMA-SW ArHe30 None 10.5 11.5 2.141 13.09
GMA-SW Ar 400 12.8 11.4 0.040 62.49
GMA-SW ArHe30 400 19.7 11.7 0.033 65.20
PTA-SW Ar 400 22.6 11.4 0.031 154.0
GMA-SW He None 30.8 11.2 0.023 103.5
GMA-SW He 400 422 10.3 0.003 93.93
EN-GJL-250 13.2 0.001 2443

R solution resistance, R charge transfer resistance, Cy; double-layer capacitance

stable passive films. The all-weld metal (GMA-SW) and
the surface layer with 2.02% dilution exhibit stable pas-
sivity over 1100 mV which is almost similar to the com-
mercially available duplex stainless steel. A dilution of
3.25% is already enough to decrease the extent of the
passive region to about 950 mV, while a dilution of 5.23%
shrinks the passive region to only 400 mV. A dilution of
10.5% further reduces the passive region to 200 mV.
Although no passive region is observed for the GMA-SW
surface layers with dilutions higher than 12.8%, the PTA-
SW surface layer with 22.6% dilution exhibits a thin pas-
sive region of approximately 120 mV. After passive film
breakdown, every surface layer, except for the PTA-SW
surface layer with 2.02% dilution, shows localized
corrosion.

The electrochemical impedance spectroscopy measure-
ments are less aggressive and allow for some degree of
passive film formation on all surface layers. However, after
24 h of immersion followed by that measurement, pitting
corrosion occurred for all surface layers with dilution of
12.8% and higher. The PTA-SW surface layer with 22.6%
dilution which showed a passive region in the potentio-
dynamic polarization measurement corroded locally in that
test as well, i.e., the passive layer is only (completely)
stable for a certain amount of time. The charge transfer
resistance decreased for increasing dilution, i.e., that the
passive film formation is most efficient for low dilutions. A
sharp decrease over two orders of magnitude in the charge
transfer resistance marks the failure of the passive layer.

Influence of Microstructures on Corrosion
Mechanisms

The corrosion pits observed after the 24 h immersion and
EIS measurement initiated from the transition area between
two weld beads. This is the area, where a weld bead was

(partially) melted again and an extra amount of heat was
put into the bead. This additional heat input leads to
increased diffusion and precipitation of carbides. After the
potentiodynamic measurements, cross sections were pre-
pared and analyzed with SEM and EDX to determine the
corrosion mechanism: Surrounding the (highly) chromium
enriched carbide precipitates, there is a narrow strip of
chromium-depleted austenite, which is highly susceptible
to corrosion. This chromium-depleted phase boundary
corrodes preferentially. That mechanism was detected for
all surface layers with a dilution higher than 5.23%, but the
intensity increased strongly with the amount of carbide
precipitates. The selective corrosion attack was most severe
for the surface layers with an interconnected carbide net-
work, where the corrosion penetrated the surface, pro-
ceeded intergranularly and then continued below the
surface similar to crevice corrosion. A homogeneous dis-
tribution of the elements between the precipitates and the
matrix prevents that corrosion mechanism under the
applied test conditions.

Influence of Welding Process Parameters
on Corrosion Behavior

Preheating of the sample during the surface layer process
lowers the cooling rates and keeps the surface layer and the
base material at an elevated temperature. The result is
increased dilution and prolonged diffusion time. For the
surface layers that were preheated to 400 °C, this leads to
formation of chromium carbides, and thus, these surface
layers had less corrosion resistance. For the PTA-SW
surface layer that was preheated to 200 °C, which also still
had a very low dilution of 3.25%, an effect of slowed
cooling rates or prolonged diffusion times after the welding
on the microstructure compared to the PTA-SW surface
layer with no preheating was not observed.
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Fig. 17 SEM images (left) and
Cr concentration mappings
(right) for the surface layer with
a dilution of (a) 10.5%,

(b) 12.8%, (c) 22.6% and

(d) 42.2% (intensity of red is a
function of Cr concentration)
(Color figure online)

The heat distribution on the surface plays an important
role on the microstructure. In GMA-SW, it is mostly
influenced by the thermal conductivity of the shielding gas,
which was increased by addition of helium. During the
welding of the surface layers (by welding one bead next to
the other), an increase in thermal conductivity of the
shielding gas leads to a wider heat-affected zone. On the
substrate side, a larger part of the base material melts and
fuses with the weld metal leading to a higher dilution. On
the surface layer side, larger parts of previously welded
beads melt again or are at least exposed to a higher addi-
tional heat input. The investigations have shown that this
affects the microstructure and, eventually, the resulting
corrosion properties more than preheating does. With pure
helium (highest heat conductivity), a distinct and
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interconnected network of carbides with very high chro-
mium content permeates the surface layer. The described
effect of chromium enrichment (and depletion) is much
stronger if the thermal conductivity of the shielding gas is
increased. Finally, the deterioration of corrosion properties
is more pronounced. These mechanisms were even con-
firmed by PTA-SW at 400 °C preheating: The resulting
surface layer had a dilution of 22.6%, which is more than
that of the GMA-SW surface layer welded at the same
preheating temperature, but with argon-helium shielding
gas that had a dilution of 19.7%. However, the columnar
arc in PTA-SW heat-affects a thinner area on the surface
compared to the cone-shaped arc in GMA-SW, whose heat
is even more distributed by the increased heat conductivity
of the shielding gas that also comprises helium. Though
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both processes lead to a microstructure with carbides in an
austenite matrix, the carbides in the microstructure of the
PTA-SW surface layer did not grow as large as they could
interconnect with each other. Eventually, this manifests in
a small, yet actual, passive region in the potentiodynamic
polarization test.

Summary

Surface welding of duplex stainless steel on gray cast iron
was performed to improve the corrosion properties using
GMA-SW and PTA-SW. Preheating and the thermal con-
ductivity of the shielding gas affect the dilution of the
surface layer with gray cast iron. Shielding gas and the
shape of the arc, who determine the heat-affected area on
the surface during welding, were found to have the major
influences on the microstructure.

Analyses of potentiodynamic polarization measure-
ments evidenced that all surface layers performed better
than gray cast iron in artificial seawater. The corrosion
behavior of the surface layer with lowest dilution, prepared
with PTA-SW, can even be considered as good as a com-
mercially available duplex stainless steel. The phase
boundary between austenite and chromium-rich precipi-
tates (carbides) is highly susceptible to corrosion. Under
electrochemical impedance spectroscopy after 24 h
immersion, various degrees of pitting corrosion happened
on the surfaces. The surface layers with dilution of 10.5%
and lower, which showed a passive region during polar-
ization measurements, remained passive; however, the
passive region of the PTA-SW surface layer with 22.6%
dilution did obviously not suffice to maintain a stable pas-
sive film during the test. Pitting corrosion on the surface
layers with 12.8% and higher dilution preferentially started
at the transition between two weld beads. In this investi-
gation, a dilution of 10.5% represented a limit for corrosion
protection under immersion as well as—to some degree—
under external polarization in artificial seawater.

Further investigations will aim to more closely investi-
gate the corrosion mechanism, e.g., using localized elec-
trochemistry at the cross sections of low diluted surface
layers. This will allow for investigation of areas more close
to the base metal, where diffusion of, e.g., carbon into the
surface layer also influenced the microstructure and the
chemistry on a microscale.
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