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ARTICLE INFO ABSTRACT

Keywords: This study investigates and compares the kinetics of sigma phase formation in established Super Duplex Stainless
Phase transformation Steel (SDSS) and recently developed Hyper Duplex Stainless Steel (HDSS) filler metal wires. Experimental sigma
Precipitation phase time-temperature-transformation (TTT) maps were developed, revealing nearly equivalent interface area/
E;epj:ei:;:ess steel volume, resulting in similar sigma phase kinetics for 1% volume despite the higher Cr and Mo content in HDSS.
Nucleation However, the growth rate to 5% and 10% sigma phase volumes was slightly higher in HDSS. The sigma phase

kinetics in both SDSS and HDSS were analyzed using the exponential Johnson-Mehl-Avrami-Kolmogorov (JMAK)
approach based on experimental TTT data. Linearized plots from the JMAK calculations showed a transition in
kinetics mechanism from eutectoid decomposition and interface-controlled growth to a diffusion-controlled
growth stage in both materials. The higher volumes and morphologies of the sigma phase were found to be
diffusion-dependent, mainly occurring during the second kinetics stage. The influence of HDSS's higher Cr and
Mo content on the growth rate was observed for these higher volumes. For applications within the 1% sigma
phase limit, both wires exhibited equivalent susceptibility to sigma phase formation, regardless of the higher
alloying in HDSS.

Diffusion-controlled growth
Avrami's exponent

1. Introduction intermetallic precipitation, such as Sigma and Chi phases, when exposed

to temperatures ranging from 600 °C to 1100 °C. Among these, the

Duplex Stainless Steels (DSS) are extensively utilized in various in-
dustries for their outstanding corrosion resistance, combined with good
toughness and yield strength, attributed to a balanced microstructure
containing 50% ferrite and 50% austenite. The pitting resistance
equivalent number (PREn = %Cr + 3.3% (Mo + 0.5%W) + 16 %N in wt
%) is employed to classify the materials based on their localized corro-
sion resistance, considering the composition [1-3].

Among DSS materials, the Super Duplex Stainless Steel (SDSS) has
gained prominence, boasting a PREn between 40 and 48. Additionally,
the recently developed Hyper Duplex Stainless Steel (HDSS) exceeds a
PREn 48 incorporating Cr, Mo, and N. While these alloying elements
enhance corrosion performance, they can also lead to the stabilization of
undesired phases. Notably, DSS materials are susceptible to

sigma phase is the predominant precipitate in highly alloyed DSS. It
nucleates at the interfaces between austenite and ferrite and grain edges.
Once formed, the sigma phase grows into the ferrite phase, consuming
Cr and Mo, thereby reducing corrosion resistance [4,5] and hindering
mechanical properties [5-7].

Extensive research has been conducted on sigma phase formation
and its effects on SDSS base metal over the past three decades [8-13]. In
contrast, limited investigations have been reported on HDSS sigma
phase kinetics [14-17]. Moreover, most intermetallic formation studies
have focused on base metals and heat-affected zones, with minimal
attention given to the sigma phase kinetics of weld and filler metal wires.
Filler metals typically possess higher alloying content than base metals,
and they are extensively used in various applications, such as cladding,

Abbreviations: TTT, Time-Temperature-Transformation; JMAK, Johnson-Mehl-Avrami-Kolmogorov; PREn, Pitting resistance equivalent number; DSS, Duplex
stainless steel; SDSS, Super duplex stainless steel (40<PREn>48); HDSS, Hyper duplex stainless steel (PREn>48); a, Ferrite phase; y, Austenite phase; y», Secondary
austenite phase; ¢, Sigma phase; SEM, Scanning Electron microscopy; EBSD, Electron backscattered diffraction.
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welding of thick sections, repairs, and additive manufacturing, resulting
in a substantial amount of weld metal. In such applications, complex
thermal histories involving multiple re-melting and solidification cycles
can promote sigma phase formation. Hence, comprehensive research is
essential to develop tools for comprehending, characterizing, modeling,
and avoiding the formation of the sigma phase in filler metals, thus
enhancing the overall understanding of DSS materials.

The main difference in microstructure formation arises from the al-
loy's chemical composition. The higher Cr and Mo content in HDSS is not
the primary factor but rather the N content and its impact on the ferrite
matrix phase. High N content in HDSS promotes increased austenite
formation and alters the partitioning coefficients of Cr and Mo [18].
Zhang et al. [16] demonstrated the influence of N on precipitation
behavior in HDSS, showing that higher nitrogen content leads to
reduced differences in Cr and Mo content between austenite and ferrite
phases. Moreover, increasing N content has been found to lower the
sigma phase nucleation force.

Thermodynamic calculations indicate that SDSS exhibits a typical
fully ferritic solidification characteristic of DSS. In contrast, the high
levels of austenite stabilizers, including Ni and N, in HDSS ensure
austenite formation at the end of solidification [19]. This composition
hinders ferrite volume and grain size, resulting in a higher austenite
volume. Additionally, the sigma solvus temperature is elevated in HDSS,
which influences the chemical composition of ferrite at that tempera-
ture. The higher concentrations of Cr, Mo, and N in the austenite phase
of HDSS are evident through thermodynamic and PREn calculations.

The Johnson-Mehl-Avrami-Kolmogorov - JMAK kinetics describes
the nucleation and growth phase transformation process [20] and has
been successfully applied to sigma phase formation in DSS [21-23]
being expressed as:

f=1- e—k") (@D)]

Where fis the transformed sigma volume fraction (0 < f < 1), tis the
transformation time, and n is the Avrami's exponent, indicating the
order of the solid-state reactions. The coefficient k is related to the en-
ergy barrier for the sigma phase formation and is described as an
Arrhenius equation as follows [20,22,24]:

(3
k=kye 2)

Where kg is a pre-exponential constant, Q, is the empirical activation
energy for sigma phase formation, it aggregates all processes occurring,
T is the temperature in Kelvin, and R is the gas constant. Both n and k can
be obtained graphically from the linearized form of the equation, In( — In
(1—-f)) =n(In(t)) + In(k), by calculating n from the fitted inclination of
the transformation data and determining k from the vertical intercept.

Acuna and Ramirez [25-27] established a sigma phase kinetics for-
mation analysis on solubilized HDSS wires. However, sigma phase ki-
netics forming in the as-welded weld metal microstructure was still not
analyzed.

In this study, an in-depth sigma phase kinetics analysis in the most
corrosion-resistant DSS materials, the SDSS and the HDSS is presented.
Simultaneously analyzing both filler metals with the same thermal his-
tories enables a direct kinetics comparison and gives a behavior
perspective of the recently developed HDSS with reference to the well-
established SDSS filler metal ER2594.

2. Materials and methods
2.1. Materials

Fig. 1 presents the source and configuration of both materials. The
as-welded precipitation bars specimens (70 mm x 10 mm x 5 mm) were

machined from a three-layered cladded mockup, Fig. 1 (c). The speci-
mens were machined from different locations, avoiding the start and end
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Fig. 1. Materials specimen. (a) specimen precipitation experiment on the
Gleeble. (b) CAD schematic of specimen location of the precipitation bars in red
and microstructural analysis specimen in gray. (c) cladded mockup from which
the “as-welded” specimens were machined. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

regions of the welding beads, as shown in Fig. 1 (b). To ensure consis-
tency, the cladded mockup used the same heating input (1.65 kJ/mm -
200 A, 14 V 100 mm/min, 15 1/min 98%Ar + 2% O), interpass tem-
perature (200 °C), and wire diameter (1.2 mm). Table S2 in the sup-
plementary material provides the welding parameters used). Therefore,
the only change is the filler metal chemical composition from SDSS to
HDSS.

Table 1 presents wire chemical composition measured through Op-
tical Emission Spectroscopy (OES). Due to the fact that the nitrogen
emission line is in extremely short wavelengths region for OES, its
amount was also validated using a combustion spectrometer Leco
TC600.

2.2. Experimental procedure

The experimental design used a Gleeble 3800 physical simulator to
construct a precipitation map. In this equipment, the machined precip-
itation bars with as-welded microstructure were heated at 100 °C/s until
reaching a specific isothermal aging temperature (a table of the heat
treatment conditions can be found in the supplementary material). The
sample was then held at this temperature for a defined aging time and
subsequently cooled at a minimum rate of 37 °C/s [25].

Microstructural characterization provided the intermetallic volu-
metric fractions for each sample, and these measurements were com-
bined with time and temperature data to develop the experimental
kinetics time-temperature-transformation (TTT) contour plot maps. The
data was interpolated using the Kriging [28] method, and the resulting
isovolumetric lines represented the interpolated kinetic TTT curves.

Intermetallic volume fractions were quantified using quantitative
electron microscopy (FEI Apreo LoVac High Resolution). Sample prep-
aration involved grinding from 240 to 1200 grit, followed by 1 pm
diamond paste polishing, and a final 0.02 pm colloidal silica polishing
for three hours. Microstructural etching was performed using a modified
version of Ramirez et al. [29] dual-step electrolityc etching process. This
process involved a 40% HNOs; + 60% distilled water solution for
interphase etching, with a first step of 1.3 V for 20 s, followed by 0.9 V
for 60-240 s for preferential ferrite etching.

The procedure for quantifying phase fractions by digital image
analysis, thresholding gray scale images from SEM is described in detail
in previous works [25,26]. The JMAK kinetic law was used to model the
sigma phase kinetics formation. In this analytical method, the experi-
mental precipitation data was taken in 25 °C steps from 775 °C to
1000 °C. The data from the Eq. 1 generated linearized (In(—In(1-f)) x In
(1)) plots that graphically described sigma phase formation. From the
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Table 1

OES Measured chemical composition in wt% from the filler metal wires.
Material Fe C Cr Ni Mo N Co Mn PREn
HDSS 27.7.5.L Bal. 0.023 26.05 6.31 4.74 0.40 1.32 0.96 48.0
SDSS ER2594 Bal. 0.01 25.05 9.25 3.90 0.27 0.05 0.42 42.2

linearized plots, the Avrami's exponent and n and time activation k were
calculated.

3. Results and discussion
3.1. Material and microstructure characterization

Both materials received equivalent thermal histories from the same
heat input and interpass temperatures, welding parameters are pre-
sented in the supplementary material. As such, the SDSS and the HDSS
microstructures were similar, according to Fig. 2 (a) and (b). The SDSS
phase distribution presented 56.6% +3.0% ferrite volume, while the
HDSS formed 52.9% +1.5% ferrite. The difference in ferrite content is
due to the higher nitrogen in the HDSS alloy promoting faster austenite
stabilization. Fig. 2 (c) and (d) present low magnification EBSD IPF maps

-~
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revealing that the microstructures sawn in Fig. 2 (a) and (b) are equiv-
alent and, therefore representative of the whole microstructure.

SEM EBSD analysis provided complementary information on the
microstructure grain size and interface length/volume between ferrite
and austenite. Table 2 presents microstructural data from EBSD mea-
surements at higher magnification from Fig. 2 on the as-welded
specimen.

The measurements present a similar order of grain size in both ma-
terials, marked by the statistically equivalent average grain size. Ferrite
measurements were challenging because the solidified microstructure
presented a large ferritic matrix with austenite grains embedded inside,
hence the wider standard error on the ferrite grains.

In addition, calculations of the interfacial length per unit of volume
using the EBSD data indicated the SDSS (0.016 pm™~2) corresponding to
91% of the HDSS (0.018 pm’z). Therefore, both materials present
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Fig. 2. As-welded microstructure. Optical image with high magnification (a) SDSS and (b) HDSS. Low magnification EBSD IPF map of (c) SDSS and (d) HDSS,
showing repeatability of the microstructures shown in (a) and (b).
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Table 2

EBSD measured grain size of SDSS and HDSS in the as-welded condition.
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Both phases

Austenite

Ferrite

Average [pm2]

Std. E.* +[pm?]

Average [pmz]

Std. E.* +[um?]

Average [ pmz]

Std. E.* :t[pmz]

Interface length/volume [pm’z]

SDSS
HDSS

151.8
115.4

71.0
58.9

179.1
96.21

66.9
315

76.8
124.8

109.0
114.0

0.016
0.018

* Note: The standard error (Std. E.) is calculated for a confidence interval of 95%.

phases in the same order of magnitude, statistically equivalent, and
equivalent interfacial length per unit of volume.

3.2. Microstructural characterization and kinetics

The quantitative metallography performed for the isothermal pre-
cipitation experiment samples yielding data (time, temperature, and
sigma phase volume fraction) extrapolated to create sigma phase
experimental interpolated contour maps [25,26], according to Fig. 3.
Tables with as-welded sigma phase volume quantification are provided
as supplementary material, Table S3 for the SDSS and Table S4 for the
HDSS. Fig. 3 is the graphical visualization, through data interpolation, of
experimental precipitation results, in other words, experimental sigma
phase kinetics. These charts represent the precipitation data as sigma
phase experimental TTT maps of the SDSS and HDSS weld metal.

Due to the similar starting microstructure and similar chemical
composition, the kinetics behavior of SDSS and HDDS contour plots also
presents affinities according to Fig. 3. In particular to 1% of sigma vol-
ume, which represents the initial stages of phase transformation. In the
SDSS weld metal, the maximum Kkinetics occurs at 900 °C until 300 s.
After this time, the maximum kinetics temperature decreases with time
increase. Conversely, the as-welded HDSS precipitation temperature
range is more comprehensive than the SDSS until 300 s, and the
maximum kinetics temperature at 875 °C does not change within the
tested time range. It is believed that while the SDSS might have reached
exhaustion of the nucleation sites and reduced Cr diffusion due to the
sigma phase growth, the HDSS with higher interface length per unit of
volume and higher Cr has not shown nucleation sites saturation within
the 800 s tested.

The similar kinetics in Fig. 3 is also seen in the microstructure evo-
lution in Fig. 4, presenting a sigma phase formed through divorced
precipitation at a temperature higher than the maximum kinetics tem-
perature and ferrite decomposition into cellular nucleation of ¢ + y».
Duly and Brechet [30] studied nucleation mechanisms considering
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1100 T

15

1050
] ¢ 1%

1000
950
900
850

800

Temperature [°C]

750

700

vol

Oc]

discontinuous precipitation nodules in Mg—Al alloys. Double seam
nodules, i.e., growing on both sides of a grain boundary, are typical of
the Tu-Turnbull [31-33] mechanism. Conversely, nodules at a single
side of a grain boundary are typical of the Fournelle-Clark [34] nucle-
ation mechanism. His observation indicated that in the low-temperature
domain, the nucleation mechanism proposed by Tu-Turnbull [31-33]
dominates while occurring concomitantly with the Fournelle-Clark [34]
nucleation mechanism. As the temperature increases, the proportion of
single seam nodules, the Fournelle-Clark mechanism, also increases.

If the temperature is sufficiently high, where the allotriomorphs are
incapable of pinning, the boundary movement and discontinuous pre-
cipitation become virtually impossible, and general nucleation occurs
[30].

Fig. 4 illustrates sigma phase evolution at temperatures above, near,
and below the maximum kinetics temperature, at various tested times
and temperatures. SDSS is depicted in the left column, figures (a - d),
while HDSS is shown in the right column, figures (e - f).

Fig. 4 (a) shows the initial sigma phase formation at 950 °C for 100 s
(in correlation with the graph in Fig. 3 a), forming 1.07 + 0.51 volume.
Small nuclei form on grains' triple corners while earlier nucleated grains
consume the ferrite matrix, creating sigma phase grains longer than 15
pm.

In Fig. 4 (b): Large colony denoted by white dashed contour on the
left, with large plates on the right. Both cellular colony nucleation
mechanisms Tu-Turnbull's [33] and Fournelle — Clark's [34] are active at
temperatures below the maximum kinetics, with a dominance of Tu-
Turnbull's mechanism, according to Duly et al. [30] Fig. 4 (c): Same
dominant sigma phase morphology at 765 °C for 500 s. Longer time
promotes sigma phase and secondary austenite lamella growth, with
prior reaching 7.02% +1.06% volume. At 950 °C for 600 s, Fig. 4 (d), the
sigma phase plates are larger, growing to 6.92% +2.04% volume.

As mentioned before, the formed microstructure is also somewhat
similar in HDSS because of the similar chemical composition and ki-
netics. However, chromium nitride presence is more often seen in the
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Fig. 3. As-welded microstructure sigma phase experimental TTT map comparison. SDSS material (a) and HDSS material (b).
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Fig. 4. Sigma phase evolution as a function of isotherm heat treatment (in Gleeble) on the SDSS on the left column (a — d) and HDSS on the right column (e — h).
White arrows mark the sigma phase presence, red arrows mark the secondary austenite presence, blue arrows mark the Cr;N presence, and the white dashed lines
indicate the ¢ + v, colonies. SEM secondary electron detector. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

HDSS, which is richer than the SDSS in nitrogen and chromium. In Fig. 4
(e), at 950 °C for 80 s, the nucleation is starting, as only 0.25% +0.15%
of the sigma phase is found. Therefore, no secondary austenite was seen
as the Cr and Mo depletion on the ferrite matrix might not yet be

significant to cause austenite stabilization at these early stages of
transformation. Chromium nitrides, indicated by the blue arrows, are
present at o/y interfaces or trapped within an austenite grain at the
former interface before the grain growth.
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Fig. 4 (f), morphologies from both types of nucleation are also seen.
Chromium nitrides, blue arrows, are also present at the y/a interfaces
and intragranular. Besides the secondary austenite formed from ferrite
decomposition, a — ¢ + y», intergranular secondary austenite is formed
at the y/a associated with CryN precipitates. These nitrides remain
trapped in the austenite grain as the new yy/a advances [29,35,36]. In
addition, intragranular secondary austenite is also formed within the
ferrite matrix nucleated at the intragranular chromium nitrides. Both
forms of secondary austenite found agreed with the mechanism pro-
posed by Ramirez et al. [29,35] and should follow the preferential
(111),](110)4||(0001)¢ron orientation relationship.

In Fig. 4 (g), increasing the time to 300 s at 855 °C, 6.01% +0.77%
volume of sigma phase is formed. The white dashed area indicates a
lamellar ¢ + y3 colony starting from an austenite grain and consuming
the ferrite matrix until the colony growing front impinges another
austenite grain. Secondary austenite is along the previous y/« interfaces
and intragranular assisted by CryN precipitates.Transformation at 600 s
is shown in Fig. 4 (h) at 950 °C mainly presents the sigma phase and
secondary austenite growth with a small presence of CroN. The nitride
reduced due to dissolution at high temperature for the treatment time.

Fig. 5 depicts a large colony formed in 500 s at 765 °C on the SDSS.
Within the image center, a 6 + y2 lamellar colony emerges from an
austenite sheave grain, indicated by the purple arrows. The colony ex-
pands, consuming the ferrite matrix and covering an area of 240 um?. As
the colony expands, the growth direction of the lamellas changes, as
denoted by the green dashed lines. At the top of the image, plates of
sigma phase grains formed through divorced precipitation are also
observed. However, the dominant structure is the lamellar one. The
orange arrows mark the new formed interfaces, including y/y2, ®/y2, and
0/72.

Secondary austenite growing as an extension of the primary
austenite observed at lower temperatures but not at high temperatures.
The red arrows indicate the presence of secondary austenite, which can
occur in both morphologies: as an extension of the preceding austenite
and in association with the precipitated sigma phase. Small chromium
nitride precipitates at the interface of the secondary austenite are
marked with a blue arrow.

Fig. 6 depicts an SEM backscattered electron image revealing the
microstructure of an HDSS sample heated at 855 °C for 300 s. The
cellular morphology of the sigma phase suggests the simultaneous
occurrence of Fournelle's and Turnbull's nucleation mechanisms,

765°C 500s
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leading to the formation of the sigma phase and secondary austenite
lamellas. While both mechanisms are observed at 855 °C, the dominant
mechanism is Fournelle and Clark, prominently visible in the image
center, denoted by the white dashed lines. Additionally, CraN precipi-
tation is observed within the ferrite matrix [29] and at the y/a in-
terfaces, marked by the blue arrows. This CryN precipitation aids in the
nucleation and growth of secondary austenite within the ferrite matrix,
indicated by the red arrows. The formation of ys introduces new in-
terfaces, including y/y2, a/y2, and 6/yy, as highlighted by the yellow
arrows. Consequently, a higher occurrence of secondary austenite is
observed at lower temperatures.

3.3. Kinetics calculations

The Johnson-Mehl-Avrami-Kolmogorov (JMAK) kinetic equation
[21-23,37,38] is a tool commonly used to describe phase transformation
kinetics. In this study, the kinetics calculations utilize experimental TTT
map data for both materials. Fig. 7 presents two linearized plots, In(—In
(1-f)) as a function of In(t), for each material at temperatures of 775 °C,
900 °C and 975 °C, which are below, close and above the maximum
kinetics temperature.

Both materials exhibit a dual kinetics behavior, i.e., indicating a
transition in the sigma phase kinetics mechanism. The data is divided
into two linear stages: the first stage, in blue markers characterized by a
higher Avrami's exponent (n), and the second stage, in orange markers
displaying a lower n value.

Christian [20] describes that within the discontinuous precipitation
and interface-controlled growth(n between 1 and 4), different values of n
might describe distinct formation conditions. In this case, n = 2 indicates
“grain edge nucleation after saturation,” and n = 1 suggests “grain
boundary nucleation after saturation”.

The slope change and the values calculated for n suggest that both
materials have a first kinetic mechanism characteristic of discontinuous
precipitation, eutectoid reactions, and interface-controlled growth. This
is followed by a diffusion-controlled growth secondary kinetic mecha-
nism. The change of slope occurred with different volumetric fractions
as the temperature changed. The SDSS presented the slope change after
transformations of 7.5% vol. at 775 °C (a), 4.5% vol. at 900 °C (c), and
3.7% vol. at 975 °C (e) while the HDSS presented the transition at 250 s
and 4.3%vol. at 775 °C (b) and at 900 °C (d), only changing the tran-
sition time at 975 °C (f) but with the same 4.3% sigma phase volume.

e \ 9 0
6+’YZ : \\( .\'\

7 / Lamellas from T.l)\aﬁ‘
Turnbull’s nucleatio

mechanism

o/,

Fig. 5. SDSS high magnification detail of a sizeable cellular colony formed in 500 s at 765 °C. The white arrows are sigma phase grains, red arrows mark the
secondary austenite, the blue arrow indicates CryN presence, the yellow arrows indicate the new o/y, formed interface, and the purple arrows indicate the radial
direction of the lamellas growth from an a/y interface. The dashed green lines mark the lamella's growth direction change.
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Fig. 6. HDSS high magnification detail of the microstructure formed in 300 s at 855 °C, a cellular colony is highlighted with dashed lines. The white arrows are sigma
phase grains, red arrows mark the secondary austenite, the blue arrows indicate CryN presence intragranular and at the interfaces, and the yellow arrows indicate the

newly formed interface (6/y2, v /v2, and a/y2).

Although some inflection changes emerge at very short times, e.g.,
900 °C curves, the n and k calculated at these points do not match the
experimental phase transformation data. However, the inflections at
extended times yield closer results to experimental data.

This shift in the kinetics mechanism is consistent with previous
findings reported in the literature [13,20,39-41]. Studies by Elmer et al.
[39], Dos Santos et al. [40], and Da Fonseca et al. [13] have identified
the occurrence of double kinetics as the initial stage of discontinuous
precipitation or interface-controlled growth, followed by a second stage
of diffusion-driven growth in both duplex and super duplex stainless
steels. Marques et al. [41] have noted that the first kinetic stage is
heavily influenced by the presence of the Chi phase, which serves as a
nucleation site for the sigma phase. In contrast, the second stage in-
volves the diffusion growth of the sigma phase into the ferrite matrix.

Table 3 displays the Avrami's exponent (n) as a function of temper-
ature in the first and second slopes. The SDSS material exhibits a higher
average n value of 2.38 compared to the HDSS value of 1.91. This in-
dicates that the SDSS undergoes a faster transformation rate at a given
temperature, resulting in a steeper inclination in the phase trans-
formation sigmoidal curve.

It is commonly observed that n remains relatively independent of
temperature in most transformations, while k shows significant varia-
tion markedly [20]. In this study, the analyzed precipitation tempera-
ture range for both materials shows considerable variation in n.
However, near the nose of the curve, at the maximum Kkinetics, the
Avrami's exponent n displays low variability, irrespective of the pre-
dominant kinetics mechanism.

Therefore, this research used the average Avrami's n exponent and
calculated k at 25 °C increments from the experimental precipitation
data. This approach results in a single Avrami-type equation for each
slope of the sigma phase transformation, where n is a constant number
and k is an array of values as a function of the temperature. Within the
precipitation temperature range, at temperatures in between the
calculated k values, interpolation can be used to obtain k at a specific
temperature.

Outlined by the diffusion-controlled growth, on the second slope, the
Avrami's exponent values are smaller. The SDSS varies between 0.17 and
1.38 and the HDSS is between 0.71 and 1.19. This values range, within

the diffusional growth kinetics mechanism, suggests the thickening of
needles or plates [20]. The values obtained in this research are a great
match with other authors in various other Duplex Stainless Steel families
[39-41].

The kinetics results directly connect with the microstructure, as the
cellular structures formed below the maximum kinetics temperature
were not frequently observed during the initial kinetics mechanism.
Instead, they became more predominant during the second kinetics
mechanism, which involves diffusional growth, as previously shown in
Fig. 4.

Duly and Brechet [30] classified the discontinuous precipitation
based on its nucleation mechanism, namely Tu and Turnbull and
Fournelle and Clark. The term “nucleation” here refers to the cell or
colony (¢ + y2) nucleation, not the individual precipitates.

It has been demonstrated that the kinetics of this reaction depends on
the overall growth rate of the cell [20,42]. Therefore, the kinetics results
from this study suggest that both cell formation and the sigma phase
within the cell are influenced by diffusional growth. This is consistent
with the expected lamellar colony formation, where diffusion of Cr and
Mo from the ferritic matrix occurs, leading to the formation of the sigma
phase, while the Cr and Mo-depleted region transforms into austenite
simultaneously.

From the calculated coefficients, a single JMAK equation is obtained
to describe the transformed sigma phase volume as a function of time for
each temperature for each kinetics mechanism, as summarized in
Table 4.

In this approach, the Avrami's exponent n is considered constant to
all temperatures, and k is temperature dependent array listed in Table 3,
ksp1 and kgpy for the SDSS alloy and kyp; and kypz HDSS alloy.

Validation of the JMAK kinetics can be obtained by calculating the
TTT curves using Table 4 equations. Fig. 8 presents the sigma phase
JMAK calculated TTT curves of 1%, 5%, and 10% volume fractions
overlapped with the sigma phase experimental precipitation maps.

In Fig. 8, the JMAK calculated TTT properly captured the trans-
formation on the SDSS although the biggest divergence found occurred
at the maximum kinetics temperature range (a). This difference is un-
derstood on the k temperature dependence as 900 °C was the maximum
value and in the k distribution inflection point, combined with the n
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Fig. 7. As-welded microstructure JMAK linearized plots. SDSS (a, ¢, and e) and HDSS (b, e, and f) at 775 °C, 900 °C, and 975 °C. The red dashed line marks the
change of kinetics mechanism, with the arrow indicating the time and formed volume fraction until the transition. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3
SDSS and HDSS JMAK Avrami's exponent n and coefficient k calculated from the experimental data. Values are presented for the first slope (discontinuous precipitation
or interface-controlled growth), and second slope (diffusion-controlled growth).

SDSS HDSS
1st slope 2nd slope 1st slope 2nd slope

Temperature n ksp1 n kspz n kep1 n kup2

675 1.55 1.38E-13 1.38 1.57E-03 2.11 1.48E-07 0.40 1.57E-03
700 1.93 1.84E-07 1.17 1.64E-02 2.31 1.05E-07 0.12 1.64E-02
725 2.61 4.92E-09 0.25 1.33E-02 2.18 3.20E-07 0.24 1.33E-02
750 2.57 8.15E-09 0.69 5.42E-03 1.96 1.07E-06 0.46 5.42E-03
775 2.34 4.05E-08 0.77 1.76E-03 1.76 3.21E-06 0.61 1.76E-03
800 1.98 4.18E-07 0.66 9.33E-04 1.58 7.98E-06 0.71 9.33E-04
825 1.97 8.60E-07 1.16 9.80E-05 1.49 1.36E-05 1.10 9.80E-05
850 1.98 1.12E-06 0.93 1.91E-04 1.55 9.80E-06 1.01 1.91E-04
875 1.90 1.94E-06 0.74 1.91E-04 1.56 9.76E-06 1.01 1.91E-04
900 1.48 2.03E-05 0.57 1.26E-04 1.76 3.21E-06 1.07 1.26E-04
925 1.88 2.28E-06 0.56 1.23E-04 1.94 9.38E-07 1.06 1.23E-04
950 2.30 2.34E-07 0.43 1.11E-04 2.88 3.55E-07 1.05 1.11E-04
975 4.29 5.71E-12 0.17 6.57E-05 1.99 4.55E-07 1.08 6.57E-05
1000 4.53 7.64E-13 0.24 1.76E-05 1.73 8.27E-07 1.19 1.76E-05
Average 2.38 1.96E-06 0.69 3.31E-03 1.91 3.70E-06 0.79 2.88E-03
Min 1.48 1.38E-13 0.17 1.51E-02 1.49 1.05E-07 0.71 1.76E-05
Max 4.53 2.03E-05 1.38 2.55E-06 2.88 1.36E-05 1.19 1.64E-02
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Table 4
Sigma phase JMAK equations of first and second kinetics mechanism for the
SDSS and HDSS in the solubilized and as-welded microstructures.

Alloy  Kinetics Discontinuous precipitation or Diffusional
mechanism interface-controlled growth growth
SDSS As-welded f=1- e(—kmu“") f=1-
()
f=1-
HDSS  As-welded f =1— e(Hamt™) (hmt")

fitted parameter. Comparatively, the HDSS JMAK based on the experi-
mental data (b) also shows less divergence at the maximum kinetics
temperature where k presented a maxima. Nevertheless, the
experimental-based JMAK calculation presented a fair agreement for the
1% sigma phase for both materials (58 s on the SDSS and 29.7 s on the
HDSS), according to Table 5.

In contrast, the JMAK calculations of higher volumes, 5% and 10%,
did not match the experimental. The offset from Table 5 reaches 532.8 s
on the SDSS and 284.4 on the HDSS. At the higher volumes nucleation
and diffusional growth occurs simultaneously, requiring coupled
calculation on both kinetics mechanisms. With further phase trans-
formation the nucleation sites becomes exhausted and gradually diffu-
sional growth becomes dominant. The overprediction suggest that, at
this higher volume, the diffusional-growth rate is slower than
precipitation.

4. Conclusions

This work presented the kinetics of the sigma phase in SDSS and
HDSS filler metals. Both materials were assessed and compared using
experimental precipitation and JMAK analytical calculations based on
experimental precipitation TTT data. The described kinetics offered
valuable insights into the susceptibility of sigma phase formation in
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HDSS wires, with a comparison perspective to widely used SDSS wires.
Based on the obtained results, the following conclusions can be drawn:

1. Sigma phase kinetics on HDSS is equivalent to SDSS up to 1%
volume.

2. The HDSS higher Cr and Mo play a bigger role in the sigma phase
growth, as a slightly faster growth rate was found to form 5% and
10% volume.

3. The sigma morphologies were compatible with the ferrite decom-
position (@ — 6 + y2), presenting sigma and secondary austenite.
However, the discontinuous “lamellar” morphology was mainly seen
in the diffusion-controlled stage.

4. Sigma phase formation in the SDSS and HDSS filler metals presented
a double kinetics dominant mechanism. The first kinetics mechanism
is mainly nucleation driven from the eutectoid precipitation, but it
also includes initial interface-controlled growth. In contrast, the
second kinetics mechanism is diffusion-driven and comprises the
coarsening of the established grains.

5. JMAK analysis described the sigma phase transformation with a
single equation for each kinetics mechanism, precipitation, and
growth for each material and microstructure considered. Each
equation had a constant n and an array of k as a function of
temperature.
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Fig. 8. JMAK calculated sigma phase TTT curves of volumes 1%, 5%, and 10% overlapped with the sigma phase experimental TTT map. The SDSS material is

presented in (a) and the HDSS material in (b) as-welded microstructure.

Table 5
Sigma phase maximum kinetics TTT data of 1%, 5%, and 10% volume.

Data Wire 1% vol time [s] Temperature [°C] 5% time vol [s] Temperature [°C] 10% vol time [s] Temperature [°C]
Experimental SDSS 82 887-913 312.5 876-890 600.3 778-805
P HDSS 82.2 830-845 259.1 858-875 470.9 859-875
JMAK SDSS 24 900 48 900 67.5 900
HDSS 52.5 825 125 825 186.5 825
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