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Abstract: Super duplex stainless steel has a microstructure consisting of equal proportions of austenite
and ferrite. However, welding with Nd:YAG pulsed laser results in an imbalanced microstructure
that compromises the steel’s properties. This paper studied the effects of preheating the base metal
on pulsed Nd:YAG laser welding. Four conditions were evaluated (no preheating and heating at
100 °C, 200 °C, and 300 °C). The analysis included studying the microstructure, microhardness, and
corrosion resistance. Preheating the base metals was found to be an effective method for increasing
the volume fractions of austenite. The preheated samples showed an improvement in corrosion
resistance compared to the untreated sample. The microhardness varied, with the ferrite amount
being higher in the untreated sample.

Keywords: super duplex stainless steel; laser welding; heat treatment; microstructure; microhardness;
corrosion resistance

1. Introduction

Duplex and super duplex stainless steels (DSS and SDSS, respectively) are widely used
in industries such as marine, nuclear, and petrochemical plants due to their mechanical
properties, good weldability, and high corrosion resistance. SDSSs also have an excellent
combination of heat transfer capability and thermal expansion coefficient, i.e., high heat
transfer and low thermal expansion of the material [1-3]. DSSs and SDSSs have a bal-
anced bimetallic microstructure of 50% ferrite and 50% austenite, which is responsible
for the material good properties, as well as its excellent applicability, even in aggressive
environments [3-5].

The variation in alloying elements directly impacts their properties. Therefore, the
main difference between DSSs and SDSSs is the PREN (Pitting Resistance Equivalent
Number), which is calculated based on the percentages of the elements chromium (Cr),
molybdenum (Mo), and nitrogen (N). DSSs have this value in the range 30 to 40, and
SDSSs have values between 40 and 48. The higher the PREN, the better the corrosion
resistance [4,6,7].

A challenge in SDSS welding is the imbalance of the phases in its microstructure,
which presents a high ferrite content, thus creating a weakened material region. In addition,
undesirable secondary phases, such as carbides, the sigma phase, the chi phase, and
chromium nitrides, emerged. This occurs due to the piece’s rapid heating and cooling
cycles during welding [5,7,8].
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To reduce biphasic imbalance, several alternatives exist, such as weld parameter
control; heat treatment of the sample before, during, and after the welding; and inserting
a stabilizing element at the weld-bead interface. Saravanan, Sivagurumanikandan, and
Raghukandan [9] observed that as the cooling rate increased, there was an increase in
the amount of ferrite in the weld bead and the hardness compared to the base metal. Da
Cruz Junior et al. [10] noted that there was an increase in austenite, mainly in the lamellar,
acicular, and Widmanstatten forms after the insertion of a nickel sheet compared to the
autogenous welding of UNS 532750. Da Cruz Junior et al. [3] found that adding a cobalt
layer to the weld region resulted in an increase in the amount of austenite as the thickness
of the cobalt layer increased, while the hardness of the weld bead decreased with the
increasing thickness of the cobalt layer. In their research, Sung, Shin, and Chung [11]
observed that the welded region was mostly ferritized and the amount of energy in the
process directly influenced the size of the weld bead. They also observed that the weld
bead increased its corrosion rate and became less homogeneous with increasing heat input.

Zhang et al. [7] heat-treated the GTAW process welded samples of UNS 532750 SDSS
in a muffle furnace for 3 min at temperatures of 1020, 1050, 1080, and 1100 °C, followed by
water quenching. The best microstructural balance was obtained for the HAZ when treated
at 1080 °C, while in the weld bead, the microstructural balance was obtained with treatment
at 1050 °C; the best corrosion resistance was achieved with a treatment temperature at
1080 °C. Tahaei et al. [12] studied the effects of nickel and post-weld heat treatment on gas
tungsten arc welding (GTAW).

Typically, heat treatment is used to balance the phases after welding and carried out
at temperatures above 1000 °C. However, harmful secondary phases are formed in the
temperature range between 650 °C and 900 °C. Applying heat treatment before welding
at lower temperatures makes it possible to prevent the formation of these harmful phases.
The preheating procedure is energy-saving in comparison to any post-heating treatment.

The PREN values of ferrite are lower than those of austenite, as it contains less nitrogen,
which results in lower corrosion resistance [13]. As corrosion resistance is a significant
advantage of using stainless steel, it is crucial to maintain the right phase balance when
welding SDSS.

This study aims to evaluate the effects of preheating treatment on the microstructure,
phase balance, mechanical properties, and corrosion resistance of laser-welded Super
Duplex Stainless Steel. The results of such treatment can lead to energy savings, as it allows
for heat treatment at lower temperatures. Additionally, the study highlights the importance
of phase balance in SDSS welding, which affects its mechanical properties and corrosion
resistance. As few studies have presented the results of preheating treatment in SDSS laser
welding, this study aims to fill this gap.

2. Materials and Methods

The base metal used in the present study was the UNS 532750 SDSS, with a thickness
of 3.0 mm. No filler metals were used. The chemical compositions, such as PREN and Cr
and Ni equivalents, are given in Table 1.

Table 1. Chemical composition of UNS 532750 SDSS (%wt.), Cr and Ni equivalents, and PREN [3].

Ni

Mo

Mn Si N Cu P C S Fe

25.61

6.97

3.84

0.63 0.29 0.27 0.15 0.02 0.018 0.001 balance

PREN = %Cr + 3.3%Mo + 16%N = 42.6

Cr equivalent = 29.45

Ni equivalent = 13.01

Laser beam welding was carried out at room temperature and with preheating up
to 100, 200, and 300 °C. Figure 1 shows the schematic diagram of pulsed Nd:YAG laser
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welding via a sample preheating system. The preheating temperatures were controlled via
a thermocouple (K type). A Nd:YAG pulsed laser power model UW-150A acquired from
United Winners, with a 150 W maximum power and beam spot diameter of 0.2 mm, was
employed. Welding was performed on a bead-on-plate configuration, with pulse energy
set at 10 ] and peak power, pulse duration, and frequency set at 2 kW, 5 ms, and 9 Hz,
respectively. The focal length was 100 mm, with the focus on the surface. The welding
speed was 1.0 mm/s, and pure argon was used at a flow rate of 12 L /min.

To - o preheating

T1oo - preheating at 100°C
T200 - preheating at 200°C

T300 - preheating at 300°C

Figure 1. Schematic diagram of pulsed laser welding with sample preheating system.

The weld bead sections at T0, T100, T200, and T300 were used to obtain samples. The
samples were then set into transparent, cold-curing epoxy resin using a silicone mold.
To prepare the samples, we grinded them while rotating them by 90 degrees with each
grinding change. For polishing, alumina suspension was used. The microstructure was
revealed using Beraha’s reagent. Macro- and microstructures of the fusion zone after
welding at room temperature and 100, 200, and 300 °C were analyzed via optical (Carl
Zeiss Axio Vision) and scanning electron microscopy (Carl Zeiss EVO LS15). The austenite
and ferrite volume fractions were evaluated using the free image software Image J. Three
samples were prepared for each condition, and ten SEM images from the fusion zone of
each sample were examined. The micrographs were binarized, with ferrite appearing black
and austenite appearing white. The volume ratio of austenite to ferrite was evaluated by
comparing the areas in the micrograph.

Vickers microhardness tests were performed on the fusion zone and base metal using
an EMCO TEST Duravision with a load of 1 gf. The corrosion behavior of the weld samples
was evaluated according to the ASTM G1 standard. A 1 cm? surface area, which contained
a weld bead, was exposed to 3.5% NaCl electrolyte solution in a corrosive environment.
In order to measure the electrochemical properties, an electrode (Ag/AgCl (3 M, KCI))
was used as the reference electrode, and a platinum auxiliary electrode (Pt) was used as
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the counter electrode. The electrochemical test was carried out at room temperature using
an AMETEK VersaSTAT 4 potentiostat instrument, with a scanning rate of 1 mV/s for all
samples. The obtained results were analyzed using Origin 2023b software.

3. Results

The optical macrographs of the weld bead'’s profile for all the samples are presented in
Figure 2. The width and depth are represented by w and d, respectively. Table 2 shows the
values of d and w and the weld bead’s area.

T 100

Figure 2. Optical macrographs of the weld beads (width and depth are represented by w and d,
respectively) for TO, T100, T200, and T300.

Table 2. Weld bead dimensions.

Sample Width [mm] Depth [mm] Area [mm?]
TO 0.45 + 0.02 0.93 £+ 0.01 0.49 £ 0.01
T100 0.79 £ 0.01 1.06 £ 0.01 0.77 £ 0.01
T200 0.78 £ 0.02 1.08 £ 0.02 0.78 = 0.01
T300 0.78 + 0.02 1.09 + 0.02 0.78 £ 0.02

The weld bead’s profile is a characteristic of keyhole mode welding, where the laser
intensity within the focusing position is high enough to generate a high evaporation rate.
This results in recoil pressure that deconstructs the melting pool, allowing the laser beam to



Coatings 2023, 13, 1930

50f11

penetrate deeper into the material. The resulting weld bead is deep and narrow compared
to other laser welding modes, such as conduction welding [14].

Increasing the substrate temperature raises the heat input. One part of the heat input
modifies the weld bead profile and dimensions, while the other affects the microstructure.
The dimensions of weld beads for the T100, T200, and T300 samples were approximately
the same. However, compared to T0, the weld beads were broader and deeper, resulting in
an extensive welding area.

As shown in Table 2, there was an increase of approximately 57% in the width and
16% in the depth. The area increased by around 60%. Since welding parameters were
identical for all samples, the increased heat input promoted via substrate heating increased
the dimensions and area.

By analyzing Figure 2, it is evident that even with low magnification, there is a
noticeable increase in the austenite volume fraction with the heating of the substrate. The
samples subjected to substrate heating show higher amounts of austenite than the TO
sample. Moreover, remelted areas corresponding to the welding pulses can be observed
inside the weld beads. The increase in heat input resulting from preheating the substrate not
only modified the dimensions of the weld bead but also favored the formation of austenite.

The optical micrographs of the fusion zone for all the samples in Figure 3 demonstrated
the impacts of heat on the substrate on austenite’s volume fraction and morphology.

Figure 3. Optical micrographs of fusion zones for T0, T100, T200, and T300.
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The optical micrographs in Figure 3 show that the TO sample has a ferritic struc-
ture with a small amount of allotriomorphic grain boundary austenite. During SDSS
solidification, the structure initially solidifies as ferrite, and austenite then forms through
diffusional solid-state transformation. This process requires maintaining the temperature
at the austenite formation level for a while. In high-cooling-rate scenarios, like pulsed
laser welding, there is insufficient time to complete austenite formation, leading to an
unbalanced microstructure [15]. The microstructural unbalance has a negative effect on
both the mechanical and corrosion resistance properties of the material [16].

The three samples T100, T200, and T300 exhibited comparable microstructures. They
all presented a ferritic matrix with allotriomorphic grains that contained austenite at the
grain boundaries, as well as some idiomorphic intragranular austenite, predominantly in
the refusion zone. During SDSS welding, austenite can emerge through three distinct routes
or configurations: allotriomorph grain boundaries originating from the ferrite matrix, Wid-
manstatten side plates that grow into the grains from the allotriomorph grain boundaries,
and intragranular austenite that develops due to the cooling rate. Allotriomorphs and
Widmanstitten austenite typically occur at higher temperatures, whereas idiomorphic
austenite forms at lower temperatures [17].

Studies of specialized welding have explored SDDS laser welding, which involves the use
of austenite-promoting elements to increase the volume fraction of austenite [3,10,12,15,18,19].
The addition of elements or preheating can increase the austenite volume fraction. However,
unlike previous research in which the microstructure showed Widmanstitten austenite,
none of the samples in this study exhibited such a feature.

Figure 4 presents the optical microstructure of the T300 sample with an SEM image
detailing the remelted region. The T300 sample was the only one presented because the
microstructure at the remelting stage was similar to those of all other heat-treated samples.
Remelting occurs due to the partial overlapping of welding pulses [20]. In this region,
when the material starts to solidify, it is influenced by the heat input of the subsequent
pulse. The temperature is maintained for a longer duration at the value of intragranular
austenite formation, which is lower than that of Widmanstéatten austenite [17].

Figure 4. Optical micrograph of fusion zone for T300 with a SEM micrograph detailing the refusion region.
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Figure 5 presents an SEM micrograph of the intragranular austenite formed in the
remelted region. The presence of intragranular austenite contributed to an increase in the
proportion of austenite on the weld bead.

1@ 1

a' AR

[}
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“'o'&*@} DD

Figure 5. SEM micrograph of refusion region for T300.

The mean austenite and ferrite volume fractions of the fusion zone for the TO, T100,
T200, and T300 samples are presented in Table 3, which shows the quantitative effect of
preheating the substrate.

Table 3. Volume fractions of austenite and ferrite for TO, T100, T200, and T300.

Sample Ferrite [%] Austenite [%]
TO 914+ 0.6 8.6 £0.6
T100 744409 25.6+0.9
T200 70.7 £ 0.9 29.3+0.9
T300 671+04 329+04

The T0 sample displayed an unbalanced microstructure with a predominance of ferrite,
which is typical of SDSS laser welding due to the high cooling rates. Although it did not
achieve phase balance, the T100, T200, and T300 samples exhibited considerable increases
in the proportion of austenite. Since industrial applications require a minimum austenite
proportion of 25-30%, all heat-treated samples are suitable for industrial use [3,21-23].

There was a slight increase in austenite volume fraction as a result of comparing TO,
T100, T200, and T300 with the increase in the preheating temperature. Instead of increasing
the preheating temperature by a large amount to achieve phase balance, which could lead
to the harmful formation of unwanted secondary phases, it would be worth studying the
alternative of increasing the welding frequency. This would increase the overlapping rate,
promoting the formation of remelted areas that are rich in intragranular austenite.

In Figure 6, the microstructures in the transition region between the base metal and
fusion zone for all the samples are displayed. The austenite volume fraction at the fusion
line is almost identical to that of the weld center, which is different from the literature’s
findings, where austenite-promoting elements were used, and the austenite volume fraction
at the fusion line was slightly smaller than the weld center [10]. The preheated substrate
promotes a uniform cooling rate throughout the sample.
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Figure 6. SEM micrographs of transition between base metal and fusion zone for T0, T100, T200,
and T300.

Table 4 displays the mean microhardness of the fusion zone for each sample and the
base metal. The TO sample presented a mean microhardness value of 377 + 2 HV in the
fusion zone. The high microhardness of sample T0 may be attributed to its predominantly
ferritic microstructure [24]. However, the significant difference in hardness between the
base metal and the weld bead could lead to brittleness in the welded joint. On the other
hand, the microhardness values of T100, T200, and T300 did not display any significant
differences owing to their similar austenite volume fractions and morphology.

Table 4. Microhardness of fusion zone for the base metal and T0, T100, T200, and T300.

Sample Microhardness [HV]
Base Metal 298 +3
T0 377 £2
T100 330+1
T200 326 £2
T300 322+1

Figure 7 presents the Tafel polarization curves among the base metal and the welded
samples, as well as the values of the corrosion potential and current. The high potential
observed in the base metal suggests a high resistance to corrosion [25,26]. On the other
hand, the welded samples exhibited a lower potential, with the TO sample having the
lowest potential.
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Figure 7. Tafel polarization curves for the base metal, TO, T100, T200, and T300.

The corrosion resistance of SDSS depends on several factors, including the ratio of « /7y,
grain size, and intermetallic phases. Generally, higher amounts of austenite in SDSS result
in higher corrosion resistance (lower corrosion rate). This is because the high amount of
austenite shifts the corrosion potential to more positive values while reducing the corrosion
current [25].

A comparison of the preheated samples with TO revealed that the polarization curves
gradually shift upwards towards positive potentials. This shift indicates a reduction in the
corrosion rate (high corrosion resistance)

Based on the test results, sample TO displayed the worst corrosion resistance due to its
high ferrite content. The potential was reduced significantly from approximately —20 mV
to —290 mV vs. a reference electrode compared to the base metal. On the other hand, the
corrosion potential of the heat-treated samples remained consistent at around —160 mV,
regardless of the temperature. While the increase in temperature led to an increase in
the amount of austenite, it was not enough to improve the corrosion resistance between
the samples.

Although the heat-treated samples presented lower corrosion potential in comparison
to the base metal, when compared to that of the TO sample, they presented an increase
from —290 mV to —160 mV in the potential, which represents a significant increase in the
corrosion resistance.

4. Conclusions

The following conclusions could be drawn:

Preheating the base metals was found to be an effective method for increasing the
volume fractions of austenite, since the samples T100, T200, and T300 presented acceptable
amounts of austenite. As a result, the microstructure consisted of a ferrite matrix with some
allotriomorphs grain boundary and intragranular austenite. It is worth noting that none of
the samples presented Widmanstétten austenite.

Preheating the base metal also modified the weld bead dimensions, resulting in a 60%
increase in the welded area compared to the unheated sample.
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The combination of the pulsed laser welding overlap rate and preheating treatment
resulted in remelted areas enriched with intragranular austenite, thereby changing the
phase balance of the heated samples.

The high microhardness of the unheated sample was due to the presence of ferrite.
The preheating caused an increase in the austenite amount, which led to a decrease in
microhardness approaching that of the base metal.

The welds subjected to preheating exhibited higher corrosion resistance, as confirmed
based on the increased corrosion potential determined through Tafel polarization. It is
interesting to note that the Tafel polarization curves for T100, T200, and T300 showed
similar results, regardless of the varying preheating temperatures. Despite the increased
amount of austenite with higher temperatures, it did not affect the corrosion results.

Based on the results, T100 appears to be the optimal condition since it had acceptable
austenite values despite not achieving phase balance. Additionally, the hardness and
corrosion resistance values of the samples subjected to this temperature were comparable
to those of samples subjected to higher temperatures. Therefore, utilizing this temperature
range would lead to energy savings compared to using higher preheating temperatures.
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