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Abstract: Duplex and Super Duplex Stainless Steels are very prone to secondary phases formation
related to ferrite decomposition at high temperatures. In the present paper the results on secondary
phase precipitation in a 2510 Duplex Stainless Steel, heat treated in the temperature range
850-1050 °C for 3-30minutes are presented. The precipitation starts at grain boundaries with a
consistent ferrite transformation for very short times. The noses of the TTP curves are at 1000°C for
o-phase and at 900°C for x-phase, respectively.The precipitation sequence involves a partial
transformation of x into o, as previously evidenced in 2205 and 2507 grades. Furthermore, the
experimental data were compared to the results of Thermo-Calc calculations. Understanding and
ability to predict phase stability in 2510 duplex stainless steel is a key factor to design optimal
welding processes which avoid any secondary phases precipitation in the weld bead as well as in
the heat affected zone.

Keywords: duplex stainless steels, isothermal heat treatment, secondary phases precipitation, TTP
curves.

1. Introduction

Duplex Stainless Steels (DSSs) and Super Duplex Stainless Steels (SDSSs) possess high
mechanical and corrosion-resistance properties, which can be ascribed to the presence of the
characteristic biphasic structure, where austenite and ferrite are present in almost equal volume
fractions [1,2]. If ferrite-to-austenite phase ratio is indeed in the range 0.4+0.6, these steels reach their
most advantageous properties.

All DSSs solidify as fully ferritic, while austenite forms upon cooling as a consequence of a solid
state transformation, whose temperature is related to the chemical composition of the steel. The
correct balance of alloying elements and a proper design of the solution annealing treatment allow
obtaining the required amount of each phase, which affects the microstructural stability.

The instability of phases pertains to the possibility and susceptibility to further solid state
transformations which result in the formation of harmful intermetallic phases, especially above
600 °C, which restricts the use of the DSS in a limited temperature range [3-6]. Suchsolid-state phase
transformations can occur during isothermal aging, welding, or cooling after the solubilization
treatment and are mainly concerned with ferrite decomposition, because alloying elements
diffusivities are higher in ferrite than in austenite. Moreover, ferrite is enriched in chromium and
molybdenum, which are known to enhance the formation of intermetallic phases.

The cooling rate has a considerable impact on ferrite-to-austenite ratio at room temperature and
on the precipitation of secondary phases, therefore, during cooling operations, a special care must be
taken in the temperature range between 1000 °C and 600 °C, in order to avoid the precipitation of
harmful secondary phases such as o-phase, x-phase, carbides and nitrides[7]. Despite these
technological aspects, a complete and definitive description of secondary phases formation in DSSs
is still unavailable and several different precipitation sequences of various intermetallic phases have
been proposed. Some authors [3,4,8,9] suggest that the precipitation of o-phase is associated with
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intermediate precipitation of x-phase, which subsequently transforms into o-phase, while some
other authors associate the phases formation to nitrides precipitation [10].Also, in lean duplex
stainless steels the precipitation of o was observed without any x-phase precipitation[11].

It has been verified that the critical formation time for o or other phases depends on several
factors such as the amount of Cr, Mo and N, the solution treatment temperature and for the most
part on the cooling rate during quenching: higher the cooling rate, lower the amount of precipitated
phases [12,13]. From previous works, the critical cooling rate for 2205 has been established at 0.35
°C/s and for 2507 has been estimated as being higher than approximately 0.8+0.9 °C/s, when a final
o-phase content of about 0.2% was obtained [13,14].The precipitation kinetics of secondary phases
becomes faster by finer ferrite and austenite grain size [8], due to the higher grain boundary surface,
serving as preferential nucleation site [15].

In 2205 DSS and in Zeron100 SDSS x-phase is the first to precipitates after 3+5 min of isothermal
ageing, but the noses of precipitation curves lay at different temperatures: between 850 °C and
900 °C for 2205 and between 950 °C and 960 °C for Zeron100. On the other hand, in 2101 and 2304
Lean DSSs, which are low-alloyed DSSs in comparison with the standard grades, such intermetallic
phases have not been detected. The reduction of nickel and mainly of molybdenum contents seems
to avoid precipitation of both x-phase- and o-phase, as only chromium nitrides have been
observed[16].

Secondary phases are very detrimental both for mechanical properties (i.e., toughness, fracture
strain) and for corrosion resistance. These phases cause a marked drop of absorbed impact energy
even at very low intermetallic phases content (0.5-1 vol%) [17,18], also before o-phase formation,
when only few small x-phase-particles were detected by metallographic techniques (SEM-BSE). On
the contrary, low intermetallic contents scarcely affect material hardness. It is worthy to mention
that recent investigations evidenced that the detrimental effect of secondary phase not only depends
on their content, but also on their morphology[19].

The present paper reports the results obtained in a 2510 SDSS grade, which is usually employed
as filler material in austenitic stainless steel welding. Generally, welded joint structural condition
depends on the chemical composition of the weld metal, on the cooling rate after welding process
and on the post-weld heat treatment among others (i.e., heat affected zone). DSSs are weldable by
using the same procedures generally employed for high-alloyed steels [20] and, since their
utilization is becoming increasingly widespread, a better understanding of metallurgical factors
which influence their weldability is required. Few data are reported on the mechanisms of
precipitation in the welding grade containing 25 wt.% Cr, 10 wt.% Ni and 4 wt.% Mo and most of the
studies concerning this steel are aimed to investigate its behavior as a filler material in the welds.
However, for a better understanding of the basic physical metallurgy of intermetallic phases
precipitation, it seems reasonable to study such solid state transformations in more simple and well
controlled conditions, i.e. under isothermal annealing.Subsequently, those studies will be helpful in
modeling continuous cooling transformations typical of welded joint in order to avoid any
secondary harmful phases during welding processes.

2. Materials and Methods

The material under study was a commercial 2510 SDSS delivered as 25 mm diameter milled and
drawn bar in the solution annealed condition (annealed at 1100 °C and water quenched), whose
chemical composition is reported in Tablel and with PREN value of 43.

Tablel. Chemical composition of the investigated steel (wt.%).

C Si Mn Cr Ni Mo P S N Fe
0.020 0.44 0.37 25.30 9.9 40 0.018 0.001 0.275 Bal.

The high content of Cr and Mo makes the steel very prone to ferrite retention, but the high
amounts of Ni and N confirm that the composition of the material under study is balanced to
counteract ferrite stabilization effect in the weld. In addition, nitrogen improves the corrosion
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resistance properties compared to ordinary duplex stainless steels, allowing to achieve the aforesaid
PREN number.

Specimens for the isothermal treatments (10x10x10 mm) were obtained by cutting the bar in
transverse direction. The heat treatments have been performed in the temperature range
850 °C-1080 °C for 3-30 min and for24 hours, followed by water quenching (Table2).

Table2. Schematic of the heat treatments performed on the investigated material

T (°C)/t (min) 3 4 5 7 10 15 25 30 2
850 X X X X
900 X X
950
1000 X
1050
1080

<
X X X X X x |&

xX X X X X

Volume percentage of ferrite and austenite in solution treated samples have been measured on
3 longitudinal and 3 transversal sections (20 fields for each section) with the aid of an image analysis
software on light micrographs at 200x magnification, after etching with Beraha’s reagent (0.3 g
potassium metabisulfite K2520s, 20 ml hydrochloric acid HCI, 80 ml distilled water, 10 s reaction
time at room temperature). The microstructures of as received and heat treated samples have been
examined by means of a Scanning Electron Microscope (SEM) in backscattered mode (BSE), in order
to observe the various phases on the basis of the difference in the average atomic number
(Z-contrast) and to determine their chemical composition by microprobe analysis. The
measurements have been performed on a Leica Cambridge Stereoscan LEO 440 SEM (Leica
Microsystems S.r.l., Milan, Italy), equipped with an energy-dispersive EDAX (EDAX, Mahwah, New
Jersey) detector (EDS). The measurements have been performed at 29 kV, in order to maximize the
Z-contrast on BSE detector signal.

Thermodynamic calculation have been employed to represent the equilibrium condition of the
investigated steel. The modelling used in this work is based on the CALPHAD method
(CALculation of PHAse Diagrams) [21] and the software Thermo-Calc [22] has been used in
connection with the thermodynamic database TCFe6. The method is based on the minimization of
Gibbs free energy of the phases provided by the Fe-C-Si-Mn-Cr-Ni-Mo-N multi-component system.

3. Results and discussion

Thermodynamic modelling

The calculated diagram reported in Figure 1 represents the mole fraction of the phases as a
function of the temperature. The solidification begins with the formation of primary ferrite (d),
whose existence is predicted down to 1000 °C. After passing 1370 °C, solid-state formation of
austenite (y) from the primary ferrite begins and then, at about 1060 °C, ferrite gives rise to the
simultaneous formation of austenite (y) and sigma (o-phase), through eutectoidic transformation.
Below 980 °C, the calculation provides the progressive transformation of austenite into o-phase and
chromium nitrides (Cr2N) [23]. No %-phase precipitation is observed, in good agreement with [24].
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Figure 1.Property diagrams showing the mole fraction of phases vs. temperature under equilibrium
conditions (a) and after suppressing o-phase formation (b).

As received samples

The base material (i.e., solution annealed at 1100 °C and water quenched) is free from secondary
phases, in agreement with the results of thermodynamic modelling (Figure 1la). This evaluation
confirms that 1100 °C, as for the Zeron100 grade [24], is the correct solution annealing temperature
for the 2510 SDSS under study, even if it may induce some grain coarsening.

The image analysis performed on the optical micrographs allowed to evaluate the volume
percentage of both phases, which resulted in 30+1% of ferrite and 70+1% of austenite: the phase ratio
is very close to that predicted by calculations at the solution annealing temperature (29.4% ferrite,
70.6% austenite). These values are due to the high Ni and N contents, confirming that the chemical
composition is well optimized to counteract a disproportionate ferrite increase in the weld. The
compositions of the two phases and the partition coefficients of Cr, Mo and Ni are reported in
Table3, where it is possible to notice that both ferrite and austenite have a well-balanced
composition. Again, if the material is secondary phases free, Thermo-Calc calculated compositions
are in good agreement with the experimental ones.

Table3.Measured (EDS) and calculated (Thermo-Calc) compositions of ferrite and austenite after
solution treatment at 1100 °C and water quenching (wt.%).

Partition coefficient

Element ferrite austenite (ferrite/austenite)
EDS Thermo-Calc EDS Thermo-Calc EDS Thermo-Calc
Cr 28.1 28.6 24.0 23.9 1.17 1.19
Mo 6.0 5.3 3.9 3.4 1.54 1.56
Ni 6.6 6.6 10.7 11.3 0.61 0.58

Heat-treated samples

The heat treatment at 850 °C did not promote any phase transformation in the first 7 minutes,
while a considerable amount of o-phase and x-phase was detected in the sample annealed for 10 min
(Figure 2a). x-phase is visible as small and tiny bright particles which decorate ferrite grain
boundaries, while coarser o-phase precipitate at ferrite/austenite interface as well as inside ferritic
grains and, as the holding time increases, it almost completely replaces the ferrite phase. The lamella
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morphology and the EDS analysis suggest that the phase transformation follows the eutectoid
mechanism d—o-phase + y2 (secondary austenite).
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Figure 2.Microstructure after heat treatment at 850 °C for: 10 min (a) and 25 min (b).

The aging heat treatments at 850 °C for times longer than 10 min produced significant changes
in the microstructure. It can be envisaged that ferrite transformation is almost complete after 30 min,
consistent with the equilibrium calculations shown in Figure 1a and Table4).

Figure 2 shows the microstructure of the samples treated at 850 °C for 25 min: as can be seen,
ferrite mainly transformed into o-phase and the amount of x-phase is lower than in the sample
treated for 10 min. Small dark particles at grain boundaries were identified as chromium nitrides.

Table4. Volume percentage of various phases after 24 hours heat treatment. TC refers to
Thermo-Calc calculation, while Exp. to the experimentally measured percentage (vol.%).

Ferrite Austenite Sigma Cr2N

TC Exp. TC Exp. TC Exp. TC Exp.
850 °C - - 70.4 79.2 26.7 20.8 2.8 yes
900 °C - - 75.0 79.5 22.8 20.5 22 yes
950 °C - - 80.9 78.9 18.0 21.1 1.1 -
1000 °C - - 86.4 79.9 13.6 20.1 - -
1050 °C 20.8 18.6 76.6 71.7 2.5 9.7 - -
1100 °C 30.0 29.4 70.0 70.6 - - - -

The 30 min treatment caused the disappearance of x-phase and the total decomposition of
ferrite, in agreement with similar results obtained for 2205 and the 2507 grades [25], isothermally
heat treated at 900 °C and 950 °C for times of 30-40 min. It seems that just such a short annealing time
permits to approach equilibrium conditions. A very good agreement between thermodynamic
calculations and experimental measurements (Figure la, Table4) is confirmed. Indeed, at low
temperature the calculation provides an overestimation of o-phase content (26.7%) compared to the
experimental one (20.8%). This can be explained considering that o-phase preferably forms at
ferrite/austenite interfaces, but its formation is delayed with increasing high coherent
ferrite/austenite interfaces produced during quenching [26]. Present results confirm that x-phase is
an intermediate, metastable transformation product, which is not predicted by equilibrium
calculations. This thesis could be validated by suppressing the possible formation of o-phase by
Thermo-Calc, showing that x-phase becomes the next stable one (Figure 1b).

The presence of chromium nitrides is probably due to the high nitrogen content at grain
boundaries accumulated during the quenching stage. In fact, diffusion of nitrogen from ferrite to
austenite could be aided by the high interfaces dislocation density, which therefore could generate
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regions with a high nitrogen concentration and thus easing the Cr2N precipitation during the
subsequent isothermal holding. The most evident nitrides precipitation in the present grade in
comparison with 2205 [13,24,25] could be explained by the higher nitrogen amount (0.275% versus
0.16%).

At 900 °C, precipitation starts after 5 min and is very abundant, with x-phase preferentially
distributed at grain boundaries and o-phase inside ferritic grains (Figure 3a).

Figure 3. Microstructure after heat treatment at 900 °C 5 min (a), 950 °C 15 min (b)

The amount of x-phase decreases for times longer than 5 min, and ferrite is totally transformed
into o-phase after 30 min.

The volumetric percentage of ferrite after 24h annealing, measured by image analysis is 20.5%,
in good agreement with that provided by Thermo-Calc calculations (22.8%) after 24 h annealing (

Table4).

Most probably, the higher annealing temperature allows the coherent-incoherent transition of
ferrite/austenite interface, allowing a faster kinetics for the eutectoidic transformation. Small Cr
nitrides are detected at grain boundaries.

At 950 °C, eutectoidic decomposition of ferrite is completed after 15 min, x-phase particles are
less frequent than at 850 °C and 900 °C, and small Cr nitrides are present. As it was outlined for the
lower temperature values, increasing ageing time, o-phase gets coarser, growing from the
boundaries inside the ferritic grains. In literature it is reported as a progressive transformation of
X-phase into o-phase (Figure 3b). But a different further explanation is possible. The trend of x-phase
precipitation is similar to the ones evidenced in 2205 and 2507, where x-phase was the first phase to
precipitate but its amount decreases as the holding time increases. This behavior could be justified
considering that the lower coherency strains with the ferrite lattice [27] favors x-phase over o-phase
nucleation. As a matter of fact, x-phase has a cubic lattice and a well-defined orientation relationship
with the host lattice[27]. This kinetic effect could become important at intermediate cooling rates,
favoring the increase and the peak of x-phase -phase amount. The decreasing cooling rates can be
assimilated to long holding time in isothermal treatment, as the time for precipitation increases and
therefore this kinetic effect becomes less important. Consequently, o-phase formation prevails, in
agreement with equilibrium data, as already observed in other DSSs. At 1000 °C, precipitation starts
after 3 min, but only o-phase has been detected. This is in good agreement with the metastable
thermodynamic equilibrium (Figure 1b) showing that this temperature represents the highest
precipitation temperature for y-phase. Considering that a significant precipitation kinetics will be
only appreciated at a given undercooling, it is explained why no precipitation of this phase is
observed. The amount of o-phase increases with holding time, and ferrite islands are gradually
embedded (Figure 4a), a similar behavior has been evidenced in 2507 [25].
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Figure 4. Microstructure after heat treatment at 1000 °C 3 min (a), 1080 °C 10 min (b)

At 1000 and 1080 °C, precipitation starts for longer times than in the previous cases, with lower
amount of o-phase after 3 min in comparison with lower temperature treatment and the absence of
X-phase and nitrides (Figure 4a). As the aging time increases, the amount of secondary phases
increases very slowly thanks to the diffusion of Cr and Mo from o-phase to ferrite solid solution,
according to the progressive dissolution of o-phase as in the solution annealing treatment. In
particular, the microstructure of the sample treated at 1080 °C for 10 min consists of austenite, ferrite
and about 2 vol.% of o-phase (Figure 4b). It is worth considering that Thermo-Calc computations do
not predict any o-phase above 1056 °C, indicating a possible underestimation of the precipitation
temperature by the phase computation software.

The treatments for 24 hours at 850-1000 °C (Figure 5) resultin a ﬂcomplete ferrite decomposition,
in a very high amount of nitrides at 900 °C and austenite grain growth at 950-1000 °C. The sample
treated for 24 hours at 1050 °C consists of austenite, ferrite and approximately 10% of o-phase. This
confirms the progressive dissolution of o-phase and suggests that 2510 has to be solubilized at
temperature higher than 1050 °C, as expected due to the higher Cr and Mo contents compared to
other DSS grades. It is also interesting to note the different o-phase morphology at higher
temperature (Figure 5e) changing from typical eutectoidic morphology into blocky precipitates. This
is due to the influence of nucleation force which dominates at lower temperature, while the diffusion
effect is dominating at higher temperature [28].
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Figure 5. Microstructure after 24 hour heat treatment at: 850 °C (a), 900 °C (b), 950 °C (c), 1000 °C (d)
and 1050 °C (e).

Chemical composition of the phases

Some further observations can be made regarding the reliability of the chemical compositions
predicted by the thermodynamic calculations. For the purpose of validation, phase fractions, and
concentrations of elements in such phases obtained by EDS at the longest holding times (24h) are
considered. Data in

Table5 show that the chemical compositions of most phases is only slightly affected by the
annealing time in the first 30 minutes, while a remarkable change is observed after 24 h.

Table5. EDS phases chemical composition at different temperatures and soaking times and
Thermo-Calc calculated composition (bold between bracket)

Ferrite Austenite Sigma



https://doi.org/10.20944/preprints202007.0028.v1
https://doi.org/10.3390/met10070967

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 July 2020 d0i:10.20944/preprints202007.0028.v1

T Time Cr Ni Mo Cr Ni Mo Cr Ni Mo

30' - - - 23.8 11.0 3.8 28.3 6.4 6.5

850 °C 24h i i i 24.3 11.1 3.7 30.1 5.6 8.2
(19.7) (@124) (1.7) (354) (4.3) (9.8)

30' - - - 23.9 11.0 3.5 28.3 6.6 6.5

900 °C I i i i 24.2 11.0 3.7 30.3 5.9 9.0
(21.1) (@11.8) (1.9) (349 (4.4 (10.5)

5' - - - 23.7 10.9 3.9 28.2 7.1 7.4

950 °C I i i i 23.9 11.1 3.8 28.9 5.9 10.5
(22.6) (11.2) (2.3) (343) (45 (114)

5' - - - 23.7 11.2 3.7 28.00 6.9 7.5

1000 °C I i i i 24.1 11.3 35 31.3 5.5 10.1
(23.9) (10.8) (2.6) (33.7) (4.6) (12.2)

10’ 28.4 6.3 5.7 24.2 11.4 3.8 30.1 5.7 11.0

1050 °C i 28.9 6.1 5.9 23.7 10.9 34 31.1 5.4 11.8

(29.4) (6.1) (.2) (239 (@111 (3.3) (323) (4.8) (14.1)

Table6. Nitrides composition calculated with Thermo-Calc

T Si Mn Cr Ni Mo C N Fe
850 °C 0 0.06 81.73 0.08 5.95 0.37 10.51 Balance
900 °C 0 0.06 82.06 0.11 5.11 0.40 10.40 Balance
950 °C 0 0.06 82.20 0.14 443 0.34 10.40 Balance
1000 °C - - - - - - - Balance
1050 °C - - - - - - - Balance
1100 °C - - - - - - - Balance

According to previous works it is plausible that equilibrium conditions can be achieved after
24 h [29].

Above 1000 °C Thermo-Calc accurately predicts percentage fractions of austenite and ferrite (

Table4), i.e. the two only phases present after solution annealing [23]. At lower temperature, in
particular below the secondary phases precipitation temperature (1056 °C for o-phase, 1000 °C for
X-phase) the result of calculations diverges from the experimental ones. In particular, between
900 °C and 1056 °C o-phase volume fraction is overestimated, consequently, austenite percentage
(%austenite = 100% - %o-phase) is underestimated. The opposite occurs at temperature below
900 °C, in agreement with [23], and a possible reason was already reported above. The evidence that
TCFe6 fails to estimate the correct phases volume fraction involves a predictable error also in the
composition of the phases. According to [24], austenite composition would be more accurate for Ni
and Mo and less accurate for Cr content. On the contrary, in our case, we demonstrate an almost
extraordinary congruence at 1050 °C. Cr and Mo are underestimated by Thermo-Calc at the lower
temperature, while Ni amount shows an excellent correspondence at all temperatures.

Table5-6 show that the calculated chemical compositions is generally overestimated in Cr and
Mo content in o-phase and underestimated in austenite. Ni content, on the other hand, is
underestimated in o-phase.

Different hypotheses can be put forward to explain this evidence. The first one is that the
eutectoidic transformation occurs with limited partitioning of elements between austenite and
o-phase. Elmer et al. showed by in-situ synchrotron X-ray diffraction that o-phase formation
mechanisms between 700 °C and 850 °C changed from discontinuous precipitation in the early
stages of transformation to the growth of the existing o-phase after nucleation site saturation [30].
This last mechanism reduces elements diffusion and partitioning between the product phases.

The second one is that the annealing time could be still too short to achieve full thermodynamic
equilibrium, but this seem to be excluded by a previous kinetic study [29].
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The third hypothesis is that the TCFe6 database could be not sufficiently reliable, yet.

Compositions of x-phase and o-phases are not affected by the composition of the as received
material; their values are in good agreement with those mentioned in literature for different
steels[31,32]. As expected, x-phase appears more enriched in Mo and Cr [33,34] than o-phase, even if
its size is below the spot beam size (about 0.5-1 pum), resulting in an obvious underestimation of Cr
and Mo contents in o-phase due to the lower amount of such elements in the surrounding
matrix[35].

Precipitation kinetics

Time-Temperature-Precipitation (TTP) curves for o-phase and x-phase precipitation are
reported in Figure 6: the noses of the curves are respectively at 1000 °C (2.5 min) and 925 °C (4 min).
These values are shifted toward slightly higher temperature than in the Zeron100 grade while the
times are inverted. In Zeronl00, x-phase precipitates for shorter time than o-phase in all the
temperature range, while in 2510 this trend is observed only for temperatures lower than 900 °C,
with o-phase as the first precipitating phase starting from temperatures higher than 900 °C.

" g—phase
1100 o y—phase

(]
1050 m
)
— 1000 | =
o
=2
©
“é_ 950 | m e
o 0
|_
900 a
)
850 ® m
T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
Time (min)

Figure 6. First observed appearance of o-phase and x-phase (approximately 0.1%)

4. Conclusions

In the present work, the solid-state phase transformations occurring in 2510 DSS during
isothermal ageing are discussed, and the results can be summarized as follows:

¢  During the isothermal treatments at 850 °C-1080 °C o-phase- and x-phase precipitate at the d/y
grain boundaries after 4-10 min.

e  The noses of TTP curves for o-phase and x-phase are at 1000 °C (2.5 min) and at 925 °C (4 min),
respectively. These points are at higher temperature, if compared to those of 2205 and 2507
grades, and the precipitation is more copious: these can be ascribed to the higher Cr and Mo
content, which favors ferrite transformation.

e  Ferrite completely transforms after a relatively short holding time (5-30 min) at every
temperature.

e  Chromium nitrides (probably Cr2N) were detected at grain boundaries in every treated samples
up to 900 °C.

e  Experimental results are in good agreement with those predicted by thermodynamic modelling
provided by Thermo-Calc software and TCFe6 database: the temperature range of phase
stability is predicted with reasonable accuracy, as well as the volume fraction and phases
composition. Most discrepancies have been ascribed to kinetic effects, i.e. the slowdown of
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eutectic decomposition leading to o-phase formation and the reduced elements partitioning
below 900 °C.

e The present study is a starting point to understand and model continuous cooling
transformations of welding process to improve welding quality in terms of mechanical,
metallurgical and corrosion properties.
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