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A Comparison of Sigma Phase Formation ®

Check for

in Solubilized Hyper Duplex Stainless Steel
and Super Duplex Stainless Steel Filler Metals

ANDRES ACUNA @, KAUE CORREA RIFFEL ®, and ANTONIO RAMIREZ

This study focuses on the kinetic analysis of sigma phase formation in filler metal wires on Super
Duplex Stainless Steel (SDSS) and Hyper Duplex Stainless Steel (HDSS). Precipitation data reveal
that in the solubilized microstructure, sigma phase kinetics are more prominent in SDSS. This
increased susceptibility is attributed to the greater number of nucleation sites, which is facilitated
by the larger interface area/volume and the higher chromium content in the ferrite. The difference
in interface area/volume is significantly more influential in determining kinetics than the
composition difference, with nucleation sites playing a central role. The sigma phase transfor-
mation in both materials was modeled using the JMAK kinetic law. The JMAK plots exhibit a
transition in kinetic mechanisms, evolving from discontinuous precipitation to diffusion-con-
trolled growth. In SDSS, the JIMAK values indicate ““grain boundary nucleation after saturation,”
followed by ““‘thickening of large plates.” In contrast, HDSS values point to “grain edge nucleation
after saturation,” followed by “‘thickening of large needles.” The higher kinetics in SDSS are
characterized by a smaller nucleation activation energy of 56.4 kJ/mol, in contrast to HDSS’s
490.0 kJ/mol. CALPHAD-based data support the JMAK results, aligning with the maximum
kinetics temperature of SDSS (875 °C to 925 °C) and HDSS (900 °C to 925 °C). Therefore, the
JMAK sigma phase kinetics effectively describe the experimental data and its dual kinetics
behavior, even though CALPHAD-based TTT calculations often overestimate sigma formation.
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I. INTRODUCTION

Duplex Stainless Steels (DSS) find extensive industrial
use due to their exceptional attributes encompassing
corrosion resistance, hardness, toughness, and yield
strength. Achieving a balanced microstructure approxi-
mating 50 pct ferrite and 50 pct austenite is pivotal to
their processing. The localized corrosion resistance hinges
on the material’s composition and is typically gauged
using the pitting resistance equivalent number (PREn).
The PREn takes into account key elements such as
chromium (Cr), molybdenum (Mo), and nitrogen (N) in
its empirical calculation. The DSS materials are classified
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based on PREn, using its most common formulation:
PREn = pct Cr + 3.3*(pct Mo + 0.5% pct W) +
16% pct N in weight.!'-?

Recent history has favored Super Duplex Stainless
Steel for its enhanced corrosion performance within a
PREn range of 40 to 45. The advent of Hyper Duplex
Stainless Steel (HDSS) has pushed this limit even
further, surpassing a PREn of 48. However, the height-
ened alloying for improved corrosion properties brings
forth challenges in microstructure stability. Elevated
temperatures between 600 °C and 1100 °C could trigger
intermetallic precipitation, including the formation of
sigma phase and chi phase. Among these, sigma phase is
the prominent precipitate in highly alloyed DSS.®) It
prefers to nucleate at the interfaces of austenite and
ferrite as well as grain edges. Once formed, these phases
grow within the ferrite phase, depleting Cr and Mo,
subsequently leading to reduced corrosion resistancel*!
and compromised mechanical properties.””

While previous studies have addressed sigma phase
formation and its implications on austenitic stainless
steels,™ and ferritic stainless steels,!''"! duplex stain-
less steels,!'? T and SDSS,!"® 2" there remains a scarcity
of research concerning HDSS.** 3% Moreover, the
predominant focus has been on intermetallic formation
in DSS, specifically exploring the effects on base metals
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Table I. Measured Chemical Composition in Weight Percent for the Rod Samples Used in Physical Simulation and the
CALPHAD-based Kinetic Model
Material Fe C Cr Ni Mo N Co Mn PREn
HDSS 27.7.5.L Bal. 0.023 26.05 6.31 4.74 0.4 1.32 0.96 48.0
Standard Error* £+ pct 0.101 0.0009 0.026 0.046 0.036 0.018 0.003 0 N/A
SDSS ER2594 Bal. 0.01 25.05 9.25 3.90 0.27 0.05 0.42 42.2
Standard Error* £+ pct 0.422 0.0065 0.082 0.234 0.065 0.031 0.031 0.012 N/A

*Standard Error calculated for a 95 pct interval of confidence.

and heat-affected zones. In particular, there has been
limited attention directed towards the effects of inter-
metallics on weld metal, with an even scarcer consider-
ation of sigma phase kinetics in filler metals. Given
applications like cladding, welding, and additive man-
ufacturing often involve extensive weld metal, under-
standing and controlling the sigma phase in these
contexts are cruc1al In a prlor investigation, Acuna
and Ramirez!?®? presented a 51gma phase kinetics anal-
ysis to control sigma phase in HDSS solubilized wire.
Later, Acuna e al.** used the developed kinetics model
to produce sigma phase-free HDSS layers cladding
multiple tubesheet mockups with excellent toughness
and corrosion performance.

Building on this foundation, the current study extends
the previously developed sigma phase kinetics analysis
to the widely used SDSS ER 2594, evaludtmg kinetics
in the solubilized microstructure.*® This analysis is
juxtaposed with the more alloyed HDSS wire, also in its
solubilized state. By employing analytical calculations
grounded in both experimental and CALPHAD-based
data, this research yields an enhanced understanding of
the materials’ vulnerability to sigma phase formation.

II. MATERIALS AND METHODS

Two specimens of filler metal materials were extracted
from pre-drawn rods characterized by an outer diameter
of 5.6 mm. The chemical composition analysis of these
materials was conducted using Optical Emission Spec-
troscopy (OES), and the nitrogen content was addition-
ally confirmed using a combustion spectrometer Leco
TC600 and is summarized in Table 1. The rods under-
went a solubilization process during production. Exam-
ination through optical and scanning electron
microscopy revealed a minimal presence of sigma phase
in the solubilized state for the SDSS material, whereas
no sigma phase was observed in the HDSS material.

A. Precipitation Heat Treatment

The experimental design employed in this study aimed
to generate a precipitation map by utilizing a Gleeble
3800 physical simulator. This apparatus subjected filler
metal rods to a rapid heating rate of 100 °C/s until a
predetermined isothermal aging temperature was
attained. Subsequently, this temperature was main-
tained for a specified aging duration, followed by a
cooling process with a minimum rate of 37 °C/s. The
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details of the pre01p1tat10n })rocedure are presented
elsewhere in the literature®®**3! and are described in the
supplementary material, Figure S1.

For each sample, microstructural characterization
was performed to determine the corresponding volu-
metric fraction of intermetallic phases. The measured
volumetric fractions, along with the associated time and
temperature data, were utilized to construct the
time—temperature—transformation (TTT) contour plot
map, which represents experimental kinetics. To develop
this mdP the data points were interpolated using the
Kriging®®”! method. The isovolumetric lines depicted in
the map represent the interpolated kinetic TTT curves.

B. Microscopic Characterization

Intermetallic volume fractions were quantified using
both optical microscopy (Olympus DP2-BSW microscope)
and electron microscopy (FEI Apreo LoVac High Reso-
lution). The samples underwent a preparation process that
involved grinding from 240 to 1200 grit, followed by
polishing with 1 ym diamond paste and a final polishing
step with 0.02 pm colloidal silica for three hours. To reveal
the microstructure, a dual-step electro etching process
using a solution of 40 pct HNOs and 60 pct distilled water
was performed. The first step involved applying a voltage
of 1.3 V for 20 seconds to etch the interphases, while the
second step utilized a voltage of 0.9 V for 60-240 seconds to
preferen‘ually etch the ferrite, modification from Ramirez
et alP® This etchant was chosen to highlight the inter-
metallic properties (appearing white), while allowing for
clear contrast between the ferrite (brown/caramel) and
austenite (tan/yellow) phases, as shown in Figure 1.

Quantification of phase fractions was achieved
through digital image analysis of both the optical
microscopy and electron microscopy fields. In this
analysis, gray-scale images were subjected to threshold
filtering to select and quantify the ferrite, austenite, chi
phase, and sigma phase individually. The volume
fraction data reported are averaged values obtained
from at least five randomly selected fields at 1000x
magnification.?>**! For details on the phase volume
measurement methodology, refer to electronic supple-
mentary material, Figure S2, Table S1, and Table S2.

C. JMAK Kinetics Calculations

The formation of sigma phase, with respect to
temperature and time, has been elucidated through the
utilization of the Johnson Mehl-Avrami-Kolmogorov
(JMAK) kinetic law,[***? expressed as follows:
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Fig. —LOM of the physical simulation specimen initial microstructure (¢) SDSS and () HDSS. Etchant 40 pct HNO; + 60 pct distilled water,

revealing austenite as the brighter phase and ferrite as the tan/brown phase.

f=1—elF"

where f represents the fraction of transformed sigma
phase volume (0 < f'< 1), ¢ denotes the transformation
time, and »n signifies Avrami’s exponent, which charac-
terizes the order of solid-state reactions. The variable k
is associated with the energy barrier for sigma phase
formation and is mathematically described by the
Arrhenius equation:

k = koel %),

where k, represents the pre-exponential constant, Q,
denotes the activation energy for sigma phase nucleation
and growth, T represents the temperature in Kelvin, and
R denotes the gas constant.

In this analytical approach, the experimental precip-
itation data were obtained by measuring at 25 °C
intervals within the temperature range of 775 °C to
1000 °C. The JMAK equation was linearized to gener-
ate n(-in(1-f)) x In(t) plots, which provide graphical
representations of sigma phase kinetics.

By analyzing these linearized plots, the Avrami’s
exponent (n) and the time activation factor (k) were
determined. The fitted inclination defines the exponent
n. This relates directly to the transformation mechanism.
Simultaneously, variable k& can be calculated via the
vertical intercept and is related to the activation energy
for the sigma phase formation.[*!4344

D. CALPHAD-Based Kinetics Modeling

The precipitation kinetics of the sigma phase is
modeled within a CALPHAD-based system, utilizing
the TCFE11l and MOBFE6 databases. These CAL-
PHAD-based calculations are utilized to construct
time—temperature—transformation (TTT) curves. The
model incorporates parameters related to nucleation
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site distribution and nucleation barriers, including
interfacial energy. These parameters are adjusted based
on experimental data, as demonstrated by Acuna
et al®? and Acuna and Ramirez.*?

III. RESULTS AND DISCUSSION

A. Material and Microstructure Characterization

Although the materials were drawn to the same rod
diameter and had a similar solubilization process, the
materials’ microstructures exhibited significant differ-
ences. Figure 1 compares the microstructures, showing
the SDSS (a) with approximately 39.5 4 0.5 pct ferrite
and the HDSS (b) with around 49.5 £ 0.3 pct ferrite.
These variations in microstructural distribution, grain
size, aspect ratio, and total interface contribute to
differences in transformation kinetics."

The materials’ solubilized initial conditions are pre-
sented in optical micrography. Although the materials
were drawn to the same rod diameter and have a similar
solution heat treatment, the SDSS microstructure is
more refined and elongated grains than the HDSS.
Table II presents data from EBSD measurements
showing the SDSS grains are one order of magnitude
smaller than the HDSS.

The SDSS reduced grain size area, in particular the
ferrite is significant because sigma phase formation
primarily occurs through ferrite decomposition. Conse-
quently, the diffusion distances within the SDSS are
shorter. Moreover, the aspect ratio and phase distribu-
tion impact the total interface length, which determines
preferential sites for sigma phase nucleation.

Figure 2 presents the segmentation of EBSD data,
focusing on ferrite grains. The subsequent analysis
calculates the total interface length between austenite
and ferrite per unit volume for both the SDSS (a) and
HDSS (b). The results, summarized in Table II, indicate
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Table II.

Solubilized Microstructure SEM EBSD Measurements

Both phases

Austenite

Ferrite

Average [um?] Std. E.* £ [um]

Average [um?]

Std. E.* & [um] Average [um?] Std. E.* + [um]

SDSS 491 1.55 8.79 3.46 2.11 0.66

HDSS 73.02 21.70 80.16 34.15 64.61 25.42
Interface length/volume calculation

Material Image Area [um]? Interfacial length [um] Interface area/Volume [um™']

SDSS 799.2 580.5 0.726

HDSS 4910.1 953.50 0.194

Phase’s grain size area and interface area/volume steps calculation: image area, interface length, and interface area/volume. Note: Each calculated
interface length/volume was measured on a specific EBSD Map for a standard error calculation more EBSD maps measurements are needed.*

Standard Error calculated for a 95 pct interval of confidence.
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Fig. 2—Solubilized Microstructure SEM EBSD measurements. Inverse pole figure of both phases, IPF ferrite segmentation and ferrite segmented

interface length of SDSS wire (¢) and HDSS wire (b).

that the SDSS exhibits 374 pct more interfacial length
per unit volume compared to the HDSS. This increased
interfacial area provides favorable sites for nucleation,
thereby influencing the kinetics of phase transformation.

It is important to note that the images in Figure 2 are
captured at different magnifications due to the smaller
grain size of the SDSS, requiring higher magnification to
resolve its microstructure. Both analyses were conducted
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using a step size of 0.1 um. However, all measurements
have been normalized to the image area in Table II,
ensuring direct comparability between the samples.
Microstructural analysis indicates that sigma phase
nucleation may occur more rapidly in the SDSS due to
its higher interface lengths. Furthermore, the reduced
ferrite grain area suggests a faster growth rate. However,
the exhaustion of ferrite (resulting in a smaller
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Fig. 3—CALPHAD equilibrium simulation (TCFE11 database), phases volumetric fraction distribution as a function of temperature.

volumetric fraction) could impede growth and prolong
the time required to reach the equilibrium volume. In
contrast, the microstructure analysis of the HDSS
suggests longer nucleation times for the sigma phase
and a higher growth rate towards the equilibrium
volume.

Figure 3 displays the thermodynamic equilibrium
phase volume fraction distribution as a function of
temperature for both materials based on CALPHAD
calculations (TCFEIl1 database). The thermodynamic
diagrams exhibit similarities due to the comparable
chemical composition of the materials. However, the
nitrogen content, and its influence on the ferrite matrix
phase, is a key distinguishing factor. Zhang et al.* have
shown the impact of nitrogen on the precipitation
behavior of HDSS, highlighting its role in the distribu-
tion of chromium (Cr) and molybdenum (Mo). Increas-
ing nitrogen content leads to a smaller difference in Cr
and Mo concentrations between the austenite and ferrite
phases. Furthermore, higher nitrogen levels have been
found to reduce the sigma phase nucleation.

SDSS has a fully ferritic solidification, while HDSS,
enriched with austenite stabilizers like Ni and N, promotes
austenite formation during solidification.*® This compo-
sition reduces ferrite volume and grain size, increasing
austenite content. Table III presents thermodynamic
calculations and SEM EDS measurements of the phase’s
chemical composition at corresponding sigma solvus
temperatures (1087 °C for SDSS, 1105 °C for HDSS).

Acuna et al.*¥ compared HDSS chemical composition
equilibrium calculations varying the nitrogen 0.2, 0.3, and
0.4 pct in weight. In equilibrium, the austenite stabilizing
role of nitrogen has critical influence on solidification.
Below 0.35 wt pct nitrogen solidification occurs through
ferrite and austenite will only form on solid state. Tis
solidification path causes ferrite grain growth enriches it
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with Cr and Mo. Conversely, the higher N content
promotes some austenite volume on solidification, this
hinders the ferrite grain size and phase volume. As
consequence, it reduces sigma phase volume as there is less
ferrite available to transform into sigma phase.

The EDS results indicate higher Cr content in SDSS
ferrite compared to HDSS, which is a critical element for
sigma phase nucleation and growth. Additionally, SDSS
exhibits significant Cr and Mo differences between the
phases. In contrast, the higher nitrogen content in HDSS
influences the partitioning of Cr and Mo, resulting in
similar PREn values for austenite and ferrite. This leads to
austenite with higher localized corrosion resistance at the
expense of reduced Cr and Mo content in ferrite.[*¢ 4%

Previous studies by Kim er al® measured the
chemical composition of phases using EDS in HDSS
alloys with varying Mo contents. They found very
similar Cr content in both ferrite (26.51 pct) and
austenite (25.26 pct). Similarly, Wang et al.®*"! measured
the phase compositions in the solubilized condition and
after multiple aging times, showing only a 1 pct differ-
ence in Cr content. These findings align with the
measured values presented in Table III.

B. Microstructural Characterization and Kinetics

Quantitative metallography was conducted on sam-
ples from the isothermal precipitation experiment,
providing data on time, temperature, and sigma phase
volume fraction. These data were extrapolated to
generate experimental interpolated contour maps for
the sigma phase®>*¥ in Figure 4. The CALPHAD-ad-
justed time—temperature—transformation (TTT) curves
corresponding to volumetric fractions of 1, 5, and 10 pct
were overlapped on the interpolated experimental pre-
cipitation map, indicated by dashed lines.
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Table III.

Phases’ Chemical Composition: EDS Measurements and Thermodynamic Calculations at Sigma Phase Solvus

Temperature, 1087 °C and 1105 °C for the SDSS and HDSS, Respectively

EDS measured phase’s composition

Material Phases Cr Mo Ni Co Mn Fe PREn
SDSS Ferrite [wt pct] 27.7 3.8 6.3 2.0 1.6 57.7 N/A
Std. E. [+ pct] 1.0 0.3 0.9 0.0 0.1 0.5
Austenite [wt pct] 24.5 2.8 8.9 2.0 1.5 58.9 N/A
Std. E. [+ pct] 1.0 0.3 0.9 0.0 0.0 0.5
HDSS Ferrite [wt pct] 26.3 3.5 6.1 2.7 2.0 57.6 N/A
Std. E. [+ pct] 0.6 0.5 0.7 0.1 0.0 0.1
Austenite [wt pct] 26.0 3.2 6.4 2.7 2.0 57.7 N/A
Std. E. [+ pct] 0.5 0.4 0.6 0.1 0.0 0.1
Thermodynamic phase’s composition calculation at Sigma solvus temperature
Material Phases Cr Mo Ni Co Mn Fe PREn
SDSS Ferrite wt pct 28.4 5.1 6.4 0.044 0.05 59.9 46.0
Austenite wt pct 23.5 3.3 10.9 0.053 0.34 61.6 39.8
Sigma wt pct 32 11.8 5.44 0.36 0 50.7 N/A
HDSS Ferrite wt pct 27 6.23 5 1.2 0.07 60.3 48.8
Austenite wt pct 25.3 4 7.8 13 0.62 60.8 48.5
Sigma wt pct 30.2 14.0 4.2 1.0 0 57.7 N/A
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Fig. 4—Sigma phase kinetics TTT maps. Calphad precipitation TTT overlapped on the experimental interpolated contour plot of SDSS (a) and

HDSS ().

Figure 4 presents experimental data illustrating the
kinetics of the sigma phase in solubilized conditions for
both SDSS and HDSS filler metals. The measurement
methodology, complete dataset including the standard
error of every measurement is included on the supple-
mentary material. The results indicate higher sigma
phase kinetics in the SDSS compared to the HDSS,
considering the solubilized filler metal form and chem-
ical compositions employed. Nucleation occurs earlier,
and the growth rate is also higher in the SDSS. The
precipitation temperature range for the SDSS (650 °C
— 1050 °C) is wider than that of the HDSS (750 °C
— 1050 °C). Moreover, the SDSS demonstrates a
broader temperature range (775 °C — 1000 °C) within
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the region of maximum kinetics, whereas the HDSS is
limited to the 900 °C — 950 °C range.

The sigma phase formation kinetics exhibit
notable variations between the two materials. In the
case of SDSS, a 1 pct volume fraction of sigma phase is
achieved within 5.0 s, while reaching 10 pct volume
fraction takes 36.5 s. Conversely, HDSS requires 63.3 s
for 1 pct volume fraction and 225.0 s for 10 pct volume
fraction. Particularly noteworthy is the more rapid
transformation rate in SDSS, where the volume fraction
transitions from 1 to 10 pct within 35.7 s. In contrast,
HDSS necessitates 110.5 s to cover the same sigma
phase volume range.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—Isothermal transformation volume fraction as a function of
time for multiple temperatures. Square symbols show the SDSS
solubilized microstructure, and triangle symbols reproduce the
HDSS solubilized microstructure.

The considerable disparity in sigma phase kinetics is
unlikely solely attributed to chemical composition.
Although HDSS exhibits higher Cr and Mo contents,
suggesting potential for enhanced sigma phase kinetics,
this might be counterbalanced by its higher N content
and increased amount of austenite. A previous study™”
compared the sigma phase kinetics of the same two
materials on the as-welded condition using the same
welding  parameters. However, the as-welded
microstructure presented an equivalent interface
length/volume. Therefore, the analysis referred to the
chemical composition’s role on sigma phase kinetics. It
was found that for a sigma phase volume of 1 pct, the
kinetics of both materials was equivalent, whereas for
volumes of 5 pct and 10 pct, the higher Cr and Mo
content on HDSS played a role on a slightly faster
growth.

Therefore, the substantial kinetics difference seen in
this research, such as on Figure 4 suggest the presence of
additional influencing factors on kinetics. The SDSS
solubilized wire’s 374 pct higher interface length per
volume unit is understood as the primary driver for its
elevated sigma phase kinetics. The higher interface
length per volume unit is translated to a higher
nucleation site density, which is attributed to the higher
kinetics. For instance, the classical nucleation theory
implemented on the CALPHAD-based kinetic model
uses the nucleation site densitﬁy as a direct multiplier on
the formed phase volume.** "

Figure 4 contour plots were generated using the
Kriging interpolation method, which provides excellent
visual representations of the data. However, due to
adjustment methods between the experimental data
points, the plotted TTT shape exhibits some intrinsic
waviness. Nonetheless, the continuous black lines accu-
rately represent the true experimental interpolated TTT
curves.

Figure 5 compares the transformation rates of both
materials at various volumetric fractions (1 pct, 5 pct,
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10 pet, 15 pet, and 20 pct) for sigma phase formation.
The continuous lines with square markers represent the
SDSS, while the dashed lines with triangle markers
represent the HDSS. The plot clearly illustrates that the
SDSS exhibits a higher transformation rate for sigma
phase precipitation compared to the HDSS.

For both materials, an inflection point in the trans-
formation rate occurs around 5 pct volumetric fraction
at lower precipitation temperatures (T < 800 °C). At
these temperatures, undercooling promotes nucleation,
but diffusion is limited. Equivalently, another inflection
point is observed also around 5 pct volumetric fraction
at the upper end of the precipitation temperature range
(T <975 °C). Here, low undercooling hinders nucle-
ation, but diffusion is high.

Apart from the extreme ends of the precipitation
temperature range, both materials display a significant
change in the transformation rate around 10 pct sigma
phase formation, indicating a shift in the underlying
transformation mechanism. At the temperature range of
maximum Kkinetics, a balance between nucleation and
diffusion leads to a rapid transformation rate until a
certain volumetric fraction is reached. Subsequently, as
nucleation sites become scarce, diffusional growth con-
sumes the available Cr and Mo, leading to a rapid
increase in the transformation rate. This transition in
kinetic mechanism has been reported in other studies on
DSS kinetics,>?*3%33 and will be further discussed on
Kinetics calculations section, where the JMAK analysis
provided quantification of the kinetics change.

In both materials, the CALPHAD-based TTT adjust-
ments show excellent agreement with the experimental
data at the time and temperature corresponding to
maximum kinetics. However, it should be noted that the
CALPHAD model’s temperature range is more limited.
Consequently, the model fails to accurately capture the
transformations occurring at both high and low tem-
peratures, regardless of the material.

Figure 6 displays backscattered electron SEM images
showcasing the microstructure evolution of the solubi-
lized filler metals, with SDSS on the left column (a-d)
and HDSS on the right column (e-f). In the solubilized
condition, SDSS exhibits rapid kinetics, with sigma
phase nucleation occurring within 15 seconds at 935 °C,
close to the maximum kinetics, 6.27 £ 1.01 pct of sigma
phase forms, Figure 6(a). Sigma grains grow along
elongated ferritic grains, primarily nucleating at triple
corners.

In 175 seconds, 11.24 + 1.49 pct sigma phase volume
is observed, even at lower temperatures such as 728 °C,
Figure 6 (b). Nucleation is facilitated at temperatures
below the maximum kinetics due to increased under-
cooling, but limited diffusion hampers growth. This
leads to the formation of colonies of tortuous sigma
phase and secondary austenite structures, as reported by
Pohl et al®¥ and Zhang et al*®

At 817 °C, a substantial volume of sigma phase
(27.93 £ 0.81 pct) is formed, depicting the wide precip-
itation temperature range in this alloy and condition.
Extensive ecutectoid decomposition is observed in
g + 72 colonies, consuming a significant portion of
the available ferrite, Figure 6 (c). A distinct lamellar
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chromium nitrides presence.

structure is present in the center of the image, resulting
from cellular precipitation following either the Tu and
Turnbull’s®>% or the Fournelle and Clark’s®” cell
nucleation mechanisms.**

Further sigma phase formation is evident at 500
seconds, Figure 6(d). Due to the higher temperature and
longer duration, sigma phase nucleation and growth
extend, resulting in a volume fraction of
26.32 4+ 1.23 pct. Although fewer nuclei are formed at
the high temperature, extensive growth occurs, leading
to the formation of large plates of sigma phase and
secondary austenite. This separate precipitation phe-
nomenon is referred to as divorced precipitation, as it
occurs independently from each other.*”!

Equivalently, the solubilized HDSS Figure 6(e-h)
shows a slower sigma phase transformation. The blue

2888—VOLUME 55A, AUGUST 2024

arrows mark the chromium nitride presence. It is known
that the sigma phase morPhology depends on the
transformation temperature.'®” However, this depen-
dence was not only seen as a function of temperatures
but also as a function of time. The characteristic sigma/
secondary austenite lamellar structure resulting from the
eutectoid ferrite decomposition & — ¢ + 7y, is not often
seen at heat treatment times up to 100 s.14>-%-6%

Figure 6(e) illustrates the initial stages of sigma phase
transformation at 845 °C in 80 s. Precipitation initiates
at the oy interfaces, particularly at triple corners,
accompanied by the formation of secondary austenite
extending from the austenite grain.*! A slim 2.5 ym?
sigma phase grain is observed at an o/y, interface within
the red box. Chromium nitride presence is indicated by
blue arrows, while red arrows mark the precipitation of
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Table IV. SDSS and HDSS JMAK Avrami’s Exponent n Calculated from the Experimental Data

Super Duplex Stainless Steel

Hyper Duplex Stainless Steel

Ist Slope 2nd Slope Kinetics Mechanism Transition  1st Slope 2nd Slope  Kinetics Mechanism Transition
Temp [°C] nl n2 Time [s] Vol fraction [pct] nl n2 Time [s] Vol fraction [pct]
725 0.42 0.71 150 1.5 N/A N/A N/A N/A
750 0.81 1.03 150 3.8 N/A N/A N/A N/A
775 0.83 0.76 150 5.5 2.598 0.9687 250 3.0
800 1.10 0.50 150 9.5 2.79 0.806 250 5.4
825 1.01 0.45 150 12 2.5286 0.6 250 8.0
850 1.07 0.40 150 13.5 2.764 0.4922 250 10.0
875 1.44 0.33 60 12 2.1676 0.57 250 11.0
900 1.38 0.41 60 11 1.924 0.74 250 11.0
925 1.27 0.62 60 11 1.66 0.856 250 10.1
950 1.11 0.57 100 10.5 1.74 0.881 250 9.0
975 1.09 0.42 60 7 2.06 1.125 250 7.1
1000 0.66 0.63 150 5.1 2.23 1.092 250 4.9
1025 0.67 0.87 150 2.3 N/A N/A N/A N/A
Average 0.99 0.59 2.25 0.81
Max 1.44 1.03 2.79 1.13
Min 0.42 0.33 1.66 0.49

Values are presented for the first slope (discontinuous precipitation or interface-controlled growth), second slope (diffusion-controlled growth),
and the respective sigma volumetric fraction at the kinetics mechanism change.

secondary austenite. At this temperature, below the
maximum kinetics, a volume fraction of 0.04 &+ 0.03 pct
of sigma phase is detected.

Close to the maximum kinetics temperature,
4.67 £+ 2.40 pct volume of sigma phase forms in 150
seconds at 925 °C, Figure 6(f). Sigma phase plates
precipitate, together with larger plates of secondary
austenite indicated by red arrows. The precipitate grains
grow along «/y interfaces and within ferrite grains.

At 848 °C, 14.5 £ 0.84 pct volume of sigma phase is
formed, primarily observed in ¢ + 72 lamellar colonies
with varying lamella thickness, Figure 6(g). A larger
sigma phase colony with large plates is seen on the left
side, while a more refined colony is marked by the
white-dashed line on the right side. The morphology
combines divorced precipitation and cellular precipita-
tion, in which the colony morphology depends on the
nucleation process.”®

Figure 6(h) presents the microstructure formed at
980 °C for 500 seconds. Although the ferrite eutectoid
decomposition o« — o + y2 is still present, the lamellar
structure is not observed. Divorced precipitation dom-
inates, with significant growth of sigma phase plates and
non-uniformly spaced secondary austenite grains.

C. Kinetics Calculations

The Johnson-Mehl-Avrami-Kolmogorov JMAK
kinetics approach!®2>#%-3262-63 have been successfull
describe sigma phase kinetics in DSS.[F-3233:62:64.66-69]
This research utilizes experimental TTT maps and
CALPHAD modeled data for both materials. The phase
transformation data is plotted using the linearized
JMAK equation to obtain Avrami’s exponent (n) and
the time activation pre-exponent variable (k).

METALLURGICAL AND MATERIALS TRANSACTIONS A

Linearized plots are presented at temperatures below,
close to, and above the maximum kinetics temperature
(775 °C, 900 °C, and 975 °C). Both materials exhibit
double kinetics behavior at all temperatures, indicated
by strong inflection changes on the plots, suggesting a
change in the sigma phase kinetics mechanism. The
transformation is divided into two linear stages: the first
mechanism (triangular markers) with a steeper n, and
the second mechanism (square markers) with a smaller
n. This change in Avrami’s exponent n corresponds to a
shift in kinetics mechanism, also reported in the
literature, [*-26-:44.52:33]

Elmer et al.®! Dos Santos er al.,®” and Da Fonseca
et al®! identify double kinetics as an initial stage of
discontinuous precipitation or interface-controlled
growth, followed by a second stage of diffusion growth
in both duplex and super duplex stainless steels.
Marques et al’? state that the first kinetic stage is
strongly influenced by the chi phase acting as a sigma
phase nucleation site, while the second stage involves
diffusion growth into the ferrite matrix.

With reference to Christian’s™? Avrami classifica-
tion, the calculated n implies that both materials
exhibit a primary kinetic mechanism akin to discon-
tinuous precipitation, eutectoid reactions, and inter-
face-controlled growth, while the secondary kinetic
mechanism follows diffusion-controlled growth. The
shift in kinetics is driven by nucleation site saturation
rather than time limitations. Some inflection changes
are observed at very short times, but the » and k
calculated at these points do not align with experimen-
tal phase transformation. However, calculations at
inflections with extended times yield closer results to
experimental data.
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Fig. 7—Solubilized microstructure JMAK linearized plots sigma phase kinetics on SDSS (775 °C (a), 900 °C (c), and 975 °C (e)) and HDSS
(775 °C (b), 900 °C (d), and 975 °C (f)). The dominant kinetics mechanism change from kinetic mechanism from discontinuous precipitation and
interface-controlled growth to diffusion-controlled growth is seen to occur at distinct times and phase volume fractions for each temperature on
the SDSS. Conversely the HDSS resulted on a change of slope at repeatedly at 250 s but with different sigma phase volumes.

At temperatures below the kinetics peak, SDSS
demonstrates nearly linear growth of sigma phase
volume fraction during the kinetics mechanism transi-
tion as temperature varies. The peak, reaching 13.5 pct
at 850 °C, precedes a decline, according to Table IV.
Transformation times exhibit converse behavior, begin-
ning with longer times, minimizing at the peak kinetics
temperature, and then increasing. In contrast, HDSS
sigma phase volume formation during kinetics mecha-
nism transition follows a parabolic trend with temper-
ature. In terms of time, this consistently occurs at 250 s
or [n(t) = 5.5 (Figure 7). Dos Santos et al® prevr
ously established that variable kinetics mechanism
transition trmes are temperature dependent.

Christian*¥ further outlines that within discontinu-
ous precipitation and interface-controlled growth (n
between 1 and 4), distinct n values might delineate
specific formation conditions. Here, n = 1 suggests
“grain boundary nucleation after saturation,” while
n = 2 indicates ‘“‘grain edge nucleation after
saturation.”
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Table IV displays calculated Avrami’s exponent (n)
for each temperature in initial and secondary kinetics
mechanisms. In the initial kinetics, resembling discon-
tinuous precipitation or interface-controlled growth,
SDSS exhibits an »n range with an average near 1,
1ndlcat1ng grain boundary nucleation after satura-
tion.*¥ In contrast, HDSS averages 2.25, suggestive of
grain edge nucleation after saturation.

As commonly observed in transformations, 7 remains
somewhat temperature independent while k varies

44]
significantly.** This research observes substantial n
variation across the precipitation temperature range for
both materials. Notably, closer to the curve’s apex, the
maximum kinetics near the curve’s apex reveals
low-variability Avrami’s exponent behavior, irrespective
of the dominant kinetics mechanism. Multiple authors
assumed the calculated average constant throughout all
the temperatures.'>>3*4 Conversely, k varies multiple
orders of magnitude as a function of temperature, and
an average value cannot be considered. Therefore, this
research used the average Avrami’s n exponent and
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Table V. Sigma Phase Formation JMAK Kinetics Equations and Calculated Sigma Phase Activation Energies Q, on Both
Materials (SDSS and HDSS) of the Nucleation Mechanism, Growth Mechanism, and Nucleation Mechanism Using CALPHAD

SDSS HDSS

Activation Energy Activation Energy

Kinetics Mechanism Kinetic Equation [kJ mol] Kinetic Equation [kJ mol ]

Discontinuous precipitation or interface-con- f=1—elksont’ ?) 56.4 f=1- o—kup1*%) 490.0
trolled growth (experimental data)

Diffusional growth (experimental data) f=1— el-ksoat") 309.6 f=1— el-kunt™™") 247.6

Discontinuous precipitation or interface-con- f=1- o(—kspet") 666.1 f=1- o(—kspe*?) 1500.0

trolled growth (CALPHAD data)

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 temper-
atures in between the calculated k values, interpolation
can be used to obtain k at a specific temperature.

Indicated by the second slope of diffusion growth,
SDSS exhibits Avrami’s exponent values of 0.33 to 1.03,
whereas HDSS ranges from 0.49 to 1.13. This value
spectrum implies needle or plate thickening within the
diffusional growth kinetics mechanism.*# These find-
ings align closely with those of other authors?>%>3
across different Duplex Stainless Steel families.

Notice that k varies for each kinetic mechanism and
temperature. Hence, kgp; corresponds to a matrix of k
values based on temperature for SDSS in the first slope.
Analogously, there are matrices for the second slope of
SDSS, ksp», as well as for both slopes of HDSS, kyp,
and kyp,. Additionally, ksp. and kyp stand for the
JMAK reaction rates in relation to the kinetics calcu-
lations’ temperature using the CALPHAD data.

By utilizing the equation k = koe("%7), the activation
energy was computed through plotting In(k) x 1/T via
linear coefficient data regression below the maximum
kinetics temperature.**! The activation energy for the
sigma phase is presented in Table V, valid only up to
900 °C due to the region’s approximately linear behav-
ior in the plot. Typically, the nucleation activation
energy exceeds the growth activation energy,’>3%¥ as
seen in HDSS. However, SDSS samples under assess-
ment exhibit relatively low values, indicating favorable
nucleation conditions over diffusion. Notably, multiple
nuclei are typically observed during rapid transforma-
tion times, as also evident in the interpolated experi-
mental TTT map (Figure 4), where sigma is detected at
short aging times such as 5 s and 10 s.

In the second slope, representing diffusional growth
mechanism, HDSS demonstrates an n value and activa-
tion energy higher than SDSS, indicating easier growth
in the former. Despite this, a volumetric comparison
from Figure 4 does not suggest a higher SDSS trans-
formation up to 10 pct. However, it is important to
consider that SDSS exhibits a growth activation energy
higher than HDSS, while the nucleation activation
energy of HDSS is much lower than its counterpart.

METALLURGICAL AND MATERIALS TRANSACTIONS A

As a result, the overall sigma phase formation rate
remains higher on SDSS compared to HDSS when
SDSS growth is impeded. This outcome is attributed to
a combination of factors, including a higher nucleation
rate, extensive interface per unit volume leading to
increased nucleation density sites, and a greater Cr and
Mo content in the ferrite. Both materials demonstrate
growth activation energies surpassing the reported
Cr-diffusion activation energy in ferrite (250.6 kJ mol™")
and austenite (291.6 kJ mol™").["%

D. Kinetics Analytical Calculations from the CALPHAD
Model

The JMAK calculation approach holds pivotal sig-
nificance within the realm of Integrated Computational
Materials Engineering (ICME) applications, enabling a
concise equation and an array to potentially encapsulate
sigma phase formation across varying temperatures. An
additional merit of the ICME approach lies in its ability
to minimize the requisite experimental precipitation
data. This efficiency stems from the CALPHAD model’s
adeptness in calibration through experimental data,
showcasing commendable congruence between modeled
and actual data. A strategic integration emerges by
envisaging a single JMAK equation derived from the
CALPHAD model, thereby facilitating the verification
of compositional influences on sigma phase formation.
To this end, the JMAK methodology is employed
congruently with the previously outlined approach for
modeled CALPHAD Time-Temperature-Transforma-
tion (TTT) curves encompassing sigma fractions of 1, 3,
5,7, and 10 pct.

Considering the intrinsic limitations of the CAL-
PHAD kinetics model, which predominantly addresses
nucleation and initial growth, the ambit of JMAK
calculations is confined to sigma phase volumetric
fractions below 10 pct. The linearized plots evince
commendable linearity on both HDSS and SDSS, as
visually depicted in Figure 8. As expected, the noted
shift in kinetics mechanism remains absent, which can
be ascribed to the anticipatory notion that such a
transition occurs at a higher volumetric fraction than
the employed dataset’s limit of 10 pct. This divergence is
plausibly attributed to the depletion of nucleation sites,
thus, lending insight into the underlying dynamics of
this phenomenon.
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Calphad data: Kinetic law linearized plots
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Fig. 8—Kinetic law linearized plot from the CALPHAD-based kinetic data. Linear regressions of transformations at 830 °C, 870 °C, 930 °C,
and 970 °C for both materials, SDSS markers in triangles and HDSS markers in circles.

The linearized plots derived from the CALPHAD
data reveal an average Avrami’s exponent, 7, of 1.52 for
SDSS and 2.23 for HDSS. These calculated averages
closely align with the values obtained from experimental
data, which are 0.99 and 2.25 respectively (Table IV).
However, disparities emerge in the activation energies
associated with the JMAK calculations from CAL-
PHAD data, differing from those yielded by the JIMAK
experimental approach. This divergence arises from the
inherent temperature dependence of both JMAK
parameters, n and k. While notable, the contrast in
kinetics between the experimental data, the experimen-
tally derived JMAK kinetics, and the CALPHAD-based
JMAK kinetics remains within reasonable bounds.

In Figure 9, a materials comparison is presented,
illustrating the overlap of TTT calculations with exper-
imental data. In addition, the image showcases JMAK
calculations based on experimental data for SDSS (a) and
HDSS (b), along with JIMAK calculations derived from
the CALPHAD model data for SDSS (c) and HDSS (d).
This comprehensive depiction encapsulates the interplay
between empirical and modeled kinetics, providing a
visual framework for the observed variations.

Figures 9(a) and (b) reveals that the experimen-
tal-based JMAK calculations exhibit satisfactory agree-
ment for the 1 pct sigma phase in both materials.
However, noticeable temporal disparities emerge in the
S and 10 pct curves calculations, particularly evident in
the SDSS case (a). The predictions tend to underesti-
mate sigma formation in the SDSS, while the same
approach leans towards overestimation in HDSS. This
trend is thought to be linked to k calculations, which
heavily rely on temperature and the critical activation
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energy value (Table V). Ray™" highlighted several

implications of activation energy in reaction rates:
higher activation energies induce greater temperature
sensitivity in reactions, while lower values result in
reduced temperature dependency. Moreover, such tem-
perature effects become more pronounced at lower
temperatures.

The JMAK kinetics employing CALPHAD data align
well with CALPHAD model outcomes. Despite the
HDSS linearized plots showing a more robust regression
fit (see Figure 8) and the CALPHAD n average value
closely matching experimental findings, on the SDSS
results, Figure 9(c) exhibits excellent outcomes for sigma
phase volumetric fractions of 1 and 5 pct. However, a
converse situation arises for HDSS, where JMAK
kinetics derived from CALPHAD data tend to overpre-
dict sigma phase formation by an order of magnitude.

Nonetheless, it’s worth noting that the Kkinetics
calculations based on model data exhibit no significant
deviations from the original data. Furthermore, irre-
spective of material, CALPHAD-based JMAK kinetics
calculations consistently lean towards overpredicting
sigma phase formation. While this trend may appear
cautious, it is inherently safer than the potential
consequences of underestimating a potentially detrimen-
tal phase transition.

IV. CONCLUSIONS

The kinetics of sigma phase formation in SDSS and
HDSS filler metals were evaluated and compared using
experimental precipitation data and JMAK analytical
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calculations based on both experimental precipitation
TTT data and CALPHAD-based calculated TTTs.
These kinetics models facilitated a comprehensive
understanding of the susceptibility to sigma phase
formation in HDSS wire and offered insights in com-
parison to the widely used SDSS wire. Our findings are
summarized as follows:

1.

In the solubilized condition, SDSS exhibits higher
sigma phase kinetics than HDSS. Particularly on
the nucleation-governed stage, evident in quicker
sigma phase precipitation at shorter treatment times
and over a broader temperature range compared to
HDSS.

The SDSS higher sigma phase kinetics is primarily
attributed to higher nucleation sites, confirmed
through the interface length per volume unit mea-
surements, 374 pct higher than the HDSS in the
solubilized condition.
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Besides the higher nucleation sites in the SDSS, the
less Cr-rich SDSS presented a ferrite phase richer in
Cr. The higher N content of HDSS affects the Cr
and Mo partition between phases and phase diffu-
sivity. As a result, the HDSS Cr and Mo are more
evenly distributed in both phases, causing austenite
enriched in Cr and Mo at the expense of the ferrite
content. The HDSS ferrite is about 1 wt pct leaner
in Cr than the SDSS ferrite.

The pivotal role of physical simulation experimental
data becomes apparent in its essential contribution
to refining computational and analytical models.
The highest agreement was at maximum kinetics,
TTT curve nose, whereas the borders high and low
temperature were compromised, presenting less
agreement.

The JMAK kinetic modeling of sigma phase in both
SDSS and HDSS filler metals reveals a dual-stage
mechanism. Encompassing an initial
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nucleation-controlled and discontinuous precipita-
tion mechanism, succeeded by a diffusion-con-
trolled growth mechanism. The first kinetic
mechanism presented Avrami’s exponent » indicat-
ing grain boundary nucleation after saturation on
the SDSS, while the calculated HDSS n exponent
indicated grain edge nucleation after saturation.
Both materials presented the secondary kinetic
mechanism as diffusion-controlled growth, with
the SDSS presenting the thickening of plates and
the HDSS indicating the thickening of needles.

6. Thesigma morphologies were compatible with ferrite
decomposition (& — ¢ + 7y,), presenting sigma and
secondary austenite. However, the discontinuous
“lamellar”” morphology was predominantly observed
at temperatures below the maximum kinetics and in
the diffusion-controlled stage.

7. Experimental data are critical to adjust and validate
the kinetics model. JMAK calculations were effec-
tive on the experimental data. Even when using
experimental-adjusted CALPHAD-based TTT
curves, the JMAK calculations did not matched
the experimental data.
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JMAK Johnson—Mehl-Avrami—Kolmogorov
PREn Pitting Resistance Equivalent Number
DSS Duplex Stainless Steel
SDSS Super Duplex Stainless Steel

(40 < PREn > 45)

HDSS Hyper Duplex Stainless Steel (PREn > 48)
o Ferrite phase
Y Austenite phase
72 Secondary austenite phase
c Sigma phase
LOM Light Optical Microscopy
SEM Scanning Electron Microscopy
EBSD Electron Backscattered Diffraction
BSE Backscattered Electrons
TCFE11l  CALPHAD Thermodynamic Database

MOBFE6 CALPHAD Mobility Database
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