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Abstract
A heat treatment technique was applied on standard duplex stainless steel welds in order to investigate the influence of thermal
treatments, e.g., multi-pass welding, on the microstructure. By using a stationary arc, a spatial steady-state temperature field
ranging from liquidus to room temperature evolves within a single sample and results in a graded microstructure. The arc heat
treatment was applied for 10 and 60 min respectively, and the experimental results were compared against thermodynamic
calculations. Metallographic investigations revealed the formation of secondary phases within distinct zones. For the 10 min
arc heat treated sample, the formation of sigma phase was observed in a temperature range of 730–1000 °C and chi phase was
found above 700 °C. For the 60 min sample, sigma phase formed between 675 and 1025 °C, while chi phase formed above
600 °C. In both samples, transformation of chi phase to sigma phase as well as the formation of secondary austenite at 575–
1100 °C was observed. Hardness measurements identified brittle regions, which correlated with the regions enriched in sigma
phase and decomposition of ferrite. Compared to the initial microstructure, regions with secondary phases showed increased
sensitization to local corrosion, when tested according to ASTM A262-Practice A.
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1 Introduction

Duplex stainless steels (DSS) combine the advantages of fer-
ritic and austenitic grades. Thanks to their good corrosion
resistance, they are used for applications such as desalination
plants and chemical and petrochemical industries or for off-
shore constructions. The main alloying elements are chromi-
um, nickel, molybdenum, and nitrogen. The resistance against
stress corrosion cracking is generally as high as for the fer-
ritics, while the ductility and resistance to general corrosion,

pitting, and crevice corrosion are closer to that of the austenitic
alloys. The yield and tensile strengths are significantly higher
than for the austenitics, which may allow reducing the wall
thickness of constructions when replacing an austenitic stain-
less steel of similar corrosion resistance. The microstructure of
these high-alloyed steels consists of nearly equal amounts of
ferrite and austenite. The solidification is fully ferritic and
austenite precipitates inter- and intragranular by diffusion con-
trolled solid-state transformations during cooling. Optimum
properties are achieved when the ferrite and austenite fraction
is close to 50%, and a range of 35–65% or 30–70% is often set
for welds [1–4]. To guarantee a proper ferrite/austenite ratio
for the welds, filler materials have a slightly different chemical
composition than the base material. An increase in nickel and
nitrogen increases the kinetics of austenite formation during
rapid cooling occurring when welding [5]. While standard
DSS has a nickel content of approximately 5%, fillers are
over-alloyed and contain about 9% of nickel. To compensate
nitrogen loss when welding, some shielding gases used for
these alloys contain nitrogen [6, 7]. However, this non-
equilibrium microstructure may change by diffusion con-
trolled phase transformation if certain temperatures are
exceeded for a period of time.
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Due to multi-pass welding or inappropriate post-weld heat
treatments, the re-heating of previous beads shifts the ferrite/
austenite ratio and can lead to formation of secondary phases
such as intermetallics, nitrides, and/or secondary austenite.
These phases can be detrimental for the mechanical properties
and can cause embrittlement and reduction of the corrosion
resistance [4, 8–15]. Common secondary phases observed in
DSS are listed below:

& Sigma phase (σ) is enriched in chromium and molybde-
num and has a tetragonal structure. Formation can occur at
600–1000 °C and lead to decreased ductility, toughness,
and corrosion resistance. The preferred nucleation site is at
ferrite-austenite grain boundaries, but also at carbides and
intermetallics [16, 17].

& Chi phase (Χ), with a nominal chemical formula of
Fe36Cr12Mo10, has a body-centered cubic structure and
forms at ferrite-austenite grain boundaries at temperatures
between 700 °C and 900 °C [18]. The influence on corro-
sion and toughness properties is similar to sigma phase
[1].

& Laves or R-phase forms both intergranular and
intragranular in the ferritic matrix in DSS at 550–650 °C.
This molybdenum-rich phase (Fe2Mo) has a trigonal crys-
tal structure and reduces toughness and the critical pitting
temperature [19–21].

& Cr2N and CrN nitrides precipitate either within the ferrite
grains due to supersaturation of nitrogen as the result of
rapid cooling or at grain or phase boundaries at 700–
900 °C, e.g., in the heat-affected zone when welding is
performed. This precipitation leads to a depletion of chro-
mium in the surrounding matrix, resulting in a decrease in
local corrosion resistance [22, 23].

& Secondary austenite (γ2) precipitates when material in
metastable condition is reheated, e.g., when multi-pass

welding. This additional heat input leads to dissolution
of intragranular nitrides in supersaturated ferrite grains
and formation of Widmanstätten austenite between 600
and 1100 °C. Secondary austenite contains somewhat less
chromium, molybdenum, and nitrogen than the primary
austenite. Therefore, secondary austenite is more suscep-
tible to pitting corrosion compared to primary austenite [9,
10, 13, 24].

& So-called 475 °C embrittlement occurs in a temperature
range from 280 to 500 °C due to decomposition of the
ferrite phase into chromium-rich alpha-prime (α’) and
iron-rich ferrite. The embrittlement affects the tensile,
fracture, and fatigue behavior [25–27].

In order to understand the evolution of precipitates in DSS
welds, investigations of the phase transformation are essential.
To be able to visualize the results in time-temperature-
transformation diagrams (TTT), a number of samples need
to be heat treated at various temperatures and for different
durations. The traditional method has been to use a furnace,
but as compared to the actual welding process, the heating and
cooling rates cannot be reproduced. Physical simulations of
the heat-affected zone can instead be carried out in a Gleeble®
thermo-mechanical simulator. An advantage of this tool is the
possibility to vary the thermal cycles and therefore, study the
influence of heating and cooling rates, representing different
welding conditions [28]. The sample contains a single micro-
structure and the size can also be sufficiently large for actual
impact and corrosion testing. Drawbacks of this method are
that the equipment is very expensive, and a large number of
samples are needed to create a full TTT diagram. Additionally,
the Gleeble can also be used to create a stable temperature
gradient in the sample using the proper combination of sample
size, Cu grips, and sufficient cooling. With this approach, the

Fig. 1 Schematic illustration of
the arc heat treatment equipment

Fig. 2 Manufacturing route: Building up an all-weld metal zone. A disc with 6 mm thickness (red dashed line) subject to arc heat treated and the
final bead is metallographically investigated (bright blue)
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number of samples for a TTT diagram can be drastically
reduced.

Recently, Hosseini et al. [29] developed a heat treatment
technique and published their work on super duplex stainless
steel [30, 31]. The main advantage of this method is the si-
multaneous heat treatment at all temperatures from room tem-
perature to liquidus temperature to achieve a graded micro-
structure within a single sample. A stationary arc produced by
a TIG electrode is ignited in the center of a disc shaped sam-
ple’s top side and simultaneously water cooled from the bot-
tom side (Fig. 1). Thermocouples were used to measure the
actual temperature cycle on the top and bottom side of the
discs. According to these measurements, a steady-state tem-
perature field is established within 7 s, due to the symmetrical
heat extraction on the disc shaped sample. After the arc is
extinguished, the sample cools down rapidly, e.g., from 800
to 200 °C within 5 s [29]. Using the results of the thermocou-
ple measurements, a thermal simulation has been modeled,
showing the temperature distribution within the sample. By
varying the duration of the arc ignition for several samples,
different microstructures form and can be connected to their
location in the sample and linked to the corresponding calcu-
lated temperature. This approach of heat treatment has the
advantage that only one sample is needed, per holding time,
to cover all temperatures for a TTT diagram. The method can,
for instance, be used for fundamental research on formation of
intermetallics and for relative fast and inexpensive investiga-
tion of new material developments.

The aim of this work was to study the evolution of the
microstructure and resulting hardness produced by arc heat
treatment of a standard DSS weld metal. Longer heat treat-
ment times (10 min and 60min) were chosen to fill the knowl-
edge gap about the possible influence of multipass welding,
wire arc additive manufacturing, and post-weld heat treatment
on the microstructure and properties. Microstructural charac-
terization, thermodynamics and kinetics calculations, temper-
ature distribution simulation, as well as hardness and a sensi-
tization test were performed to study the phase transforma-
tions occurring from 400 °C to melting temperature of the
DSS weld metal.

2 Materials and methods

In order to ensure the examination of all-weld metal in as-
welded condition without diluted base material or appearance
of secondary austenite, the following manufacturing route was
chosen. A groove of 30 × 10mmwas milled in a 30-mm-thick
22Cr duplex stainless steel (1.4462/UNS S32205) plate.
Deposition welding of four layers, each consisting of three
beads, was performed using the flux-cored arc welding
(FCAW) process in PA/1F position. After welding, the surface
was machined and another groove with 12 × 8 mmwas milled
in the center. Finally, this groove was filled with the last and
investigated bead, performed with the weaving technique to
guarantee full penetration and sufficient material deposit
(Fig. 2).

The filler metal was a flux-cored wire of T2293NLR/
E2209T0 type with the chemical composition shown in
Table 1. The welding parameters were chosen in order to
achieve a spray arc transfer (Table 2). The shielding gas com-
position was argon with 18% carbon dioxide (M21 Ar C-18).

Two discs were produced by water jet cutting with a diam-
eter of 99 mm and then turned to a thickness of 6 mm with a
chamfer of 2 mm× 45° on the bottom side of the disc (Fig. 3).

For the arc heat treatment, the samples were fixed on a
water-cooled chamber and the TIG electrode was placed ex-
actly in the center of the sample. Subsequently, the water
cooling in the box was turned on and after 1 min, the arc
was initiated on the top side of the sample. The constant water

Table 1 Measured chemical composition of DSS flux-core wire all-
weld metal, wt%

C Si Mn Cr Ni Mo N Fe

0.030 0.9 0.6 22.7 9.0 3.15 0.135 Bal.

Table 2 Welding parameters
Voltage

(V)
Current

(A)
Welding speed

(m/min)
Arc energy

(kJ/mm)
Wire feeding

(m/min)
Polarity

29 230 0.27 1.48 14 DC +

Fig. 3 Top view of plate: discs were cut by waterjet cutting (red dashed
line), location of spot weld in center of disc (blurry red), investigated bead
(bright blue) with position of samples for metallography with line of sight
(dark blue)
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flow rate was about 1.4 l/min, the water inlet temperature was
about 8 °C, and the outlet temperature was about 18 °C. The
current of 100 A in combination with an arc length of 3 mm
resulted in a voltage of 9.2 V (Table 3). The power source was
aMigatronic Commander AC/DC 400where the TIGwelding
torch was attached to a welding robot. The electrode used was
a common 2% thorium electrode with a tip angle of 60° and a
diameter of 2.4 mm. The shielding gas was pure argon. The
two samples were heat treated for 10 and 60 min.

2.1 Modeling of temperature distribution
and thermodynamic calculations

The temperature distribution in the bulk of the sample was
calculated using the Software COMSOL Multiphysics 5.3.
Therefore, the actual sample geometry was used to calculate
the temperature gradient from the center of the disc to its edge.
Since the heat transfer takes place by heat conduction, the
conductive heat transfer within the sample was considered
for the simulation of the temperature distribution.
Temperatures were measured with thermocouples and defined
as boundary conditions. The size of the fusion zone was found
using a dummy sample, which was arc heat treated for 30 s
with the same composition and process parameters. The fu-
sion boundary temperature was the calculated melting point of
the filler. The temperature dependent parameters such as ther-
mal conductivity, specific heat, and density are from JMatPro,
version 6.2.1. JMatPro was also used for calculation of equi-
librium phase fractions and TTT diagrams for the actual
chemical composition of the filler.

2.2 Characterization

Before applying the heat treatment, the ferrite number (FN)
was measured at five different positions along the last depos-
ited bead using a calibrated Fischer Feritscope FMP 30. After
the heat treatment, samples were cut from the center of the

discs using water jet cutting to ensure no additional heat input
due to cutting process, which could have influenced the mi-
crostructure. This process is crucial because the regions of
interest correspond to a temperature and should therefore be
carried out with great manufacturing accuracy. Cross sections
were prepared for microstructure investigations using stan-
dard techniques for metallography. To reveal the microstruc-
ture, two different etchants were applied on the polished cross
sections: 10 wt% NaOH (4 V) to reveal intermetallic phases
[32] and a modified Beraha II solution for ferrite fraction
measurement which was performed by image analysis using
a magnification of × 500 [33, 34]. Sensitization testing was
performed based on ASTM A 262—Practice A using 10%
oxalic acid and 2 V for 60 s to detect the resistance to inter-
granular corrosion [35]. The light optical microscope used
was a Zeiss Axio Imager 2; the scanning electron microscope
(SEM) was a Hitachi TM3000 used in back scattered electron
mode. This model allowed characterization of secondary
phases based on their atomic weight. Vickers hardness mea-
surements HV0.2 were performed according to EN ISO 6507-
1:2016 using an Emco M1C, [36]. For this purpose, 95 × 46
hardness impressions were applied with a dwell time of 10 s at
a distance of 0.12 mm each.

3 Results

3.1 Temperature distribution simulation

Using results of thermocouple measurements, the temperature
distribution in the cross of the arc heat treated sample was
calculated (Fig. 4). The temperature is uniformly distributed
along the fusion boundary. The temperature on the top of the
disc as a function of the distance to the fusion line is seen in
Fig. 5. Here the temperature drops to 400 °C in 5.5 mm from
the fusion line. After a heating time of around 7 s, the

Table 3 Parameters of arc heat treatment

Voltage (V) Current (A) Arc length (mm) Water flow (l/min) Polarity

9.2 100 3 1.4 DC -

Fig. 4 Simulated temperature
distribution in the cross section of
a disc during arc heat treatment
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temperature in each location was constant during the experi-
ment. This temperature profile is valid for both samples.

3.2 Thermodynamic calculations and kinetics of phase
transformations

The equilibrium phase fraction diagram calculated for the
chemical composition of filler metal is seen in Fig. 6a. At

the end of the ferritic solidification, some austenite already
forms at 1390 °C. Different secondary phases such as sigma
phase, chi phase and laves phase are predicted to form at a
temperature range of 400–1040 °C. The temperature where
the ferrite and austenite fraction is equaled, 50/50, is at
1200 °C. Sigma phase forms at 1040 °C and can reach a
maximum of 25%. Chi phase forms at lower temperature
around 950 °C down to 700 °C, with a maximum obtainable
fraction of 5%. The alpha-prime formation is predicted to
occur at 475 °C. As the arc heat treatment is carried out for
several minutes using pure argon, the equilibrium phase frac-
tion diagram for a modified chemical composition of the filler
metal is necessary; Fig. 6b shows the diagram for the same
filler metal, but without any nitrogen and shows that nitrogen
loss decreases the austenite formation temperature to 1300 °C.

The calculated TTT diagram for the filler metal is shown in
Fig. 7. It predicts the formation of sigma phase in a tempera-
ture range from 730 to 1020 °C after 10 min and approximate-
ly from 670 to 1030 °C after 60 min (Fig. 7). The nose of

Fig. 5 Simulated temperature on
top surface of a disc during arc
heat treatment

Fig. 6 Equilibrium phase fraction diagram. a The actual composition. b
The composition without nitrogen; starting austenite formation
temperature is lower for the composition without nitrogen

Fig. 7 Calculated TTT diagram for the filler metal chemical composition
used in this work showing the formation of sigma phase, chi phase, and
α’-phase
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sigma phase is located at 950 °C after 30 s. Chi phase forms
above 650 °C after 10 min and from 600 to 950 °C after
60 min. The nose of the 475 °C embrittlement (50% drop of
impact toughness) is at 30000 s (500 min) in this alloy
composition.

3.3 Microstructure

The ferrite number of the investigated beads was 51 ± 4 FN
according to the Feritscope measurements, which is approxi-
mately 45% ferrite and 55% austenite [37]. In contrast, the
image analysis of five images revealed an average ferrite frac-
tion of 55% and 45% of austenite (Fig. 8). Deviations of 10–
20% between Feritscope and image analysis are frequently
reported [34, 38, 39] and are probably a result of the strongly
textured microstructure of DSS welds. Non-heat treated all-
weldmetal showed the typical structure of a ferritic matrix and
austenite islands. No intermetallics, nitrides, and/or secondary
austenite were observed (Fig. 8).

Images of the cross sections after heat treatment are seen in
Fig. 9 a and b. Related to the temperature distribution, a dif-
ference in the etching response can be seen clearly for the two
samples. The areas with the same etch appearance in the arc

heat treated samples are expected to have the same type of
microstructure and local chemical composition. These areas
are slightly bigger for the 60 min sample compared to the
10 min sample.

The fusion boundary according to the dummy-sample is
shown using a dashed line in Fig. 9. Both the fusion zone
(FZ) and the adjacent high-temperature heat-affected zone
(HTHAZ) are fully ferritic in both samples. This fully ferritic
area is bigger for the 60 min sample compared to the 10 min
sample. Next to the fully ferritic area, austenite starts to form
at 1330 °C in the 10 min sample and at 1290 °C in the 60 min
sample. The microstructure at the 1200 °C isotherm consists
of equal amounts of ferrite (blue colored) and austenite (white)
according to image analysis (Fig. 10a).

Figure 10 b shows the microstructure 2 mm away from
the fusion line where the temperature is around 800 °C.
According to image analysis, the amount of bright pixels
which are primary austenite is 55%. The ferritic matrix
transformed to secondary austenite and sigma phase.
Secondary austenite was observed above 700 °C in the sam-
ple heat treated for 10 min and above 575 °C in the sample
heat treated for 60 min (Fig. 11). Examples of typical sec-
ondary austenite morphology are seen in Fig. 11e–g. At
lower temperatures than what is reported in Fig. 11, there
was no noticeable effect on the ferrite-austenite ratio ac-
cording to image analysis.

For phase characterization, the electron back-scatter
mode was used, which means that the higher the atomic
mass of the phase, the brighter it is displayed in the SEM
images. Sigma phase formation was observed in a temper-
ature range of 740–1000 °C for the 10 min sample and 675–
1025 °C for the 60 min sample (Fig. 11). The formation
occurred at ferrite-austenite grain boundaries. For all tem-
peratures, the fraction of sigma phase was much higher in
the sample heat treated for 60 min. According to image
analysis, the maximum fraction of sigma phase was about
25% in both samples in a temperature range of 730–930 °C.

FIGA

WA

GBA

Fig. 8 Microstructure of the all-weld metal in as-welded condition in-
cluding grain boundary (GBA), Widmanstätten (WA) and intragranular
austenite (IGA) in ferritic matrix (F), and ferrite fraction 53% according to
image analysis

a

b

Fig. 9 Cross sections etched by
NaOH and temperature
distribution (in × 103 °C) for
samples welded for a 10 min and
b 60 min; the red dashed line
shows the fusion line according to
the dummy sample
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Sigma phase is coarser at high temperature, while it became
less coarse at lower temperature. One interesting observa-
tion is the growth of sigma phase between secondary aus-
tenite clusters. As shown in Fig. 11 e and f, clusters of the
secondary austenite formed during heat treatment, while
sigma phase was only present between primary austenite.
In the sample heat treated for 60 min, however, sigma phase
was also observed between secondary austenite clusters
(Fig. 11f).

Chi phase was found above 700 °C for the 10 min sample
and above 600 °C for the 60 min sample (Fig. 11). Chi phase
formed on ferrite-austenite grain boundaries as fine particles.
In the sample heat treated for 10min, the maximum fraction of
chi phase was seen at 770–890 °C. For 60 min, in contrast, the
maximum fraction was at 655–675 °C. As indicated in
Fig. 11g at 675 °C after 60 min by “R?”, there is some indi-
cation of intragranular bright precipitates, which are not ex-
pected to be chi phase. As they are bright, they are enriched by
molybdenum.

Some traces of nitrides/carbides (black precipitates) were
also seen in both samples. However, due to the presence of a
lot of inclusions, it was not possible to confirm whether they
are nitrides/carbides or not.

The ferrite austenite fraction remained constant at lower
temperature. The other interesting observation in the cross
sections was the different etching response at the 475 °C iso-
therm, as indicated by the arrow in Fig. 9b. The response is
more obvious and covers a larger area in the sample heat
treated for 60 min.

3.4 Hardness

Before the heat treatment, the material had hardness values
around 300 HV0.2. The hardness map after heat treatment
for both samples is seen in Fig. 12. The fusion zone shows
slightly higher values than the initial material. The HTHAZ
where solid-state nitrogen depletion occurred has the lowest
hardness values. Next to this fully ferritic area the highest
values, e.g., up to 471 HV0.2 for the 60 min sample, were
measured. In the region, which showed almost no etching
effect and remained white, another slight increase in hardness
is observed Fig. 16.

3.5 Sensitization

When etched with 10% oxalic, both samples showed signifi-
cant response acid in the area linked to the temperature range
between 600 and 1020 °C, being strongest between 700 and
900 °C (Fig. 13). The etching response increased with increas-
ing duration of the heat treatment. The response was stronger
in the matrix compared to the islands because of stronger
dissolution of the ferrite matrix resulting in a “rough” surface
that reflects less light and gets visually darker.

4 Discussion

The phase equilibrium diagram shows that the austenite for-
mation should start before finishing the solidification.
However, the as-solidified weld metal shows the fully ferritic
solidification followed by solid-state austenite formation.
Since the cooling rate during welding is very high, an equilib-
rium state as predicted by the calculated diagram is not
reached.

After arc heat treatment, the fully ferritic region, present
in the weld spot and along the fusion boundary in the
HTHAZ, was expected as it had previously been observed
and reported by Hosseini et al. [30, 31]. The use of pure
argon as shielding gas for 10 and 60 min depletes this area
from nitrogen. The equilibrium phase fraction for the same
chemical composition, but without nitrogen was calculated
and shown in Fig. 6b. The absence of nitrogen caused a
reduction of the austenite formation temperature from
1390 °C with nitrogen to about 1300 °C. This simulation
is in good agreement with the austenite formation tempera-
ture of 1290 °C observed in the sample heat treated for
60 min. The actual nitrogen loss in the high temperature
heat-affected zone during welding will be much smaller,
or even negligible, since the necessary temperatures are
not reached for these long times and the driving force is
smaller with nitrogen still present in the weld metal. Filler
metals are alloyed with nitrogen as nitrogen loss from the
weld metal can lead to reduced pitting corrosion resistance
and an unbalanced microstructure with more ferrite and
therefore a negative effect on the ductility [40].

Fig. 10 Microstructure of 10 min
sample: a 1200 °C: 50% ferrite
(blue) and 50% austenite (bright);
b 800 °C: formation of secondary
austenite and sigma phase in fer-
ritic matrix
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The ferrite/austenite fraction of 50/50 at 1200 °C is in
very good agreement with the thermodynamic calcula-
tions in the equilibrium phase diagram of the filler metal.
It verifies that the thermodynamic calculation properly
predicts austenite fraction produced during arc heat
treatment.

When etched with Beraha II, the ferrite shows etching
colors from yellow/brown to blue, depending on the individ-
ual chemical composition (Fig. 14). Since the etching contrast
in some areas is too low, the ferrite fraction cannot be mea-
sured by image analysis, for example for the 60 min sample at
1000 °C (Fig. 15).

Fig. 11 SEM images for 10 min
sample (left) and 60 min sample
(right) at different temperatures
showing sigma phase σ, chi phase
χ, secondary austenite γ2 and
some not identified precipitations
“R?”
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The most critical temperature range from the view of det-
rimental phase transformation was 400–1040 °C. The micro-
structure contains substantial amounts of secondary phases
such as secondary austenite, sigma phase, and chi phase, as
well as 475 °C embrittlement.

Sigma phase was observed down to 675 °C which is in
good agreement with the calculated TTT diagrams in Fig.
7a. Also the measured maximum fraction of 25% for the
60 min sample is in good agreement with the prediction of
the equilibrium phase fraction diagram in Fig. 6a.

Chi phase precipitated in a very small amount at the ferrite-
austenite grain boundaries. The thermodynamic calculations
predicted chi phase formation at 700–900 °C, while the exper-
iment showed that chi phase is not a stable phase. Interestingly
it formed outside of its stability range predicted by equilibrium
phase diagram in the 60 min heat treated sample (675 °C). The
phase was not observed above 730 °C in the 60min heat treated
sample and got replaced by sigma phase. The influence on the
mechanical behavior of chi phase might be marginal, but it can
serve as a nucleation site for sigma phase [16].

In addition to sigma and chi phase, some not identified
secondary phases were observed in the region above 575 °C
in the sample heat treated for 60 min. Karlsson et al. [14]
reported R-phase formation at almost the same temperature
in standard DSS weld metal. This suggests that the observed
phase here may be R-phase as well, but further characteriza-
tion is needed to be certain.

A comparison of the hardness map for both samples is
seen in Fig. 12. Longer heat treatment time leads to higher
hardness values, which are measured in the area where
secondary phases formed. Especially at the location or
temperature at which most sigma phase was found, the
highest hardness values were measured. The negative ef-
fect of sigma phase on the mechanical properties and es-
pecially ductility is well known [14, 41, 42]. Therefore,
controlled heat input and interpass temperature are essen-
tial for good welding practice. The second hardness in-
crease was observed where the contrast after etching was
very low for the 60 min sample (Fig. 16). At this position,
the classical temperature for 475 °C embrittlement was
reached during the heat treatment. Hosseini et al. [30]
observed increased hardness values in the same region
for super duplex stainless steel. The embrittlement is
caused by spinodal decomposition to iron-rich ferrite (α)
and chromium-rich α’ phase [27]. Although the calculated
TTT diagram predicted the decomposition only after
600 min (Fig. 7), the calculated equilibrium phase dia-
gram in Fig. 6 was able to predict the decomposition of
the alloy at 475 °C.

Using 10% oxalic acid to test the sensitivity for local cor-
rosion in DSS welds showed the strongest etching response in
areas where most precipitations and secondary phases formed.
Secondary austenite, in contrast to primary austenite, has a
lower content of the alloying elements chromium, molybde-
num and nitrogen [13]. However, these elements are essential
for high pitting resistance, as shown by the pitting resistance
equivalent number PREN = % Cr + 3.3 %Mo + 16 %N. If
phases have a lower PREN, they are more susceptible to
pitting corrosion [43]. In addition, sigma phase is also disad-
vantageous for the corrosion resistance since the phase forms
at the ferrite-austenite grain boundaries in solid state and leads
to a depletion of alloying elements in its immediate environ-
ment which in turn becomes more susceptible to pitting cor-
rosion [1]. If the recommendations for welding of standard
DSS are followed, however, there should be no formation of
sigma phase.

Fig. 12 Hardness map for 10 min and 60 min sample with illustrated
fusion zone

FZ

Fig. 16 Microhardness map of 60 min sample on cross section with fusion zone (FZ)
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5 Summary and conclusions

Phase transformations in a standard DSSweld metal was stud-
ied using an arc heat treatment technique. A stationary arc was
applied for 10 and 60 min on an all-weld metal disc with
water-cooling from the backside, thus leading to a steady-
state temperature field from room to melting temperature in
one sample. The developed microstructure and hardness were
investigated and compared to results of thermodynamic
calculations.

& Due to the use of pure argon as shielding gas, nitrogenwas
completely depleted in the fusion zone and the adjacent

high-temperature heat-affected zone. This reduced the
start temperature for austenite formation from 1390 to
1330 °C for the sample heat treated for 10 min sample
and to 1290 °C for the sample heat treated for 60 min.

& Sigma phase formation was observed in a temperature
range of 730–1000 °C for the 10 min sample and 675–
1025 °C for the 60 min sample.

& Chi phase was found above 700 °C for the 10 min sam-
ple and 600 °C for the 60 min sample. Chi phase was
transformed to sigma phase at longer heat treatment
time.

& Formation of secondary austenite was observed at 575–
1100 °C in both samples.

Fig. 13 Results of sensitization
test, showing local corrosion
attacks, samples etched with 10%
oxalic acid, intragranular area
etched strongly, austenite remains
white; 10 min sample (left) and
60 min sample (right) at 900, 800,
and 700 °C
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& Decomposition of ferrite was predicted in the equilibrium
phase fraction diagrams, and α’ was observed in the re-
gion that reached 475 °C.

& Secondary phases increased the sensitization to intergran-
ular corrosion as compared to the initial ferritic-austenitic
microstructure.

Fig. 14 Cross sections of 10 min
(left) and 60 min (right) samples
etched with a NaOH, b Beraha II,
and c oxalic acid

Fig. 15 Sixty-minute sample at 1000 °C, most ferrite transfer to sigma
phase and secondary austenite

Fig. 17 Calculated TTT diagram compared with results from arc heat
treatment for both samples: temperature of first and last formation
marked by crosses at 10 and 60 min
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& Hardness measurements showed regions with embrittle-
ment. The sigma phase formation coincided with the area
showing the highest hardness increase and also the region
suspected to suffer from 475 °C embrittlement was shown
as increased hardness.

& Thermodynamic calculations predicted austenite ferrite
fraction correctly at temperature above 1100 °C.
Equilibrium and TTP diagrams showed good agreement
with the experiential results for the sigma phase formation
(Fig. 17). The chi phase, however, was not an equilibrium
phase, while JMatPro suggested that it is a stable phase.

The present study showed that arc heat treatment can be
used to study the complex microstructure evolution in duplex
stainless steel welds with a minimum of experiments.
Combined with numerical simulation and proper etching tech-
niques, useful information about phase transformation during
welding can be revealed. To measure the austenite/ferrite frac-
tion, the most suitable method is image analysis on properly
prepared surfaces etchedwith a Beraha II etchant. To study the
secondary phases, particularly sigma phase and 475 °C em-
brittlement, etching in NaOH is to be preferred. A sensitiza-
tion test using oxalic acid can provide useful information
about the area most prone to intergranular corrosion. The se-
lection of etching method can be an important key to charac-
terize the DSS weld metal microstructure.

The results from arc heat treatment can be translated to
post-weld heat treatments of multi-pass welded or additive
manufactured structures. The repeated heating or improper
heat treatment at temperatures between 400 and 1030 °C can
cause unwanted phase transformations in DSS. This situation
is more critical for temperatures between 700 and 1000 °C.
Compared to base material, DSS all weld metal is more prone
to formation of intermetallic phases. Compared to super du-
plex stainless steels weld metal, the kinetic of transformation
is much slower.
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