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ARTICLE INFO ABSTRACT

Keywords: This work uses kinetics calculation and a thermomechanical physical simulator to evaluate the sigma phase
Phas.e "‘ra‘_‘Sf"rmaﬁ‘m precipitation in Hyper Duplex Stainless Steel (HDSS) as-welded microstructure for impact toughness evaluation.
Precipitation Precipitation bars were machined out of a HDSS deposited clad mockup and submitted through aging on the
El::ire;(ei;l;less steel thermomechanical physical simulator. Bars with sigma phase volumes of 0 %, 0.16 %, 0.52 %, 0.9 % and 4.3 %
Ductility were created and machined to sub-size CVN specimens. Through impact CVN testing, complete ductile-to-brittle-
Cryogenic transition-temperature (DBTT) curves were developed based on absorbed energy (kV), lateral expansion (LE),
Kinetics and shear fracture appearance (SFA) criteria for each sigma phase volume. It was seen that sigma phase presence

provides drastic reduction on toughness the HDSS. The DBTT increased from —52.29°C to 38.32°C while the
upper shelf energy (USE) is reduced from 68.85J to 11.66J with the increase sigma phase volume. Both the DBTT
and USE presented a behavior well fitted through a sigmoidal curve. While very low sigma phase volumes caused
little change on the DBTT and USE values, a saturation effect could be inferred on the USE at 4.3 % vol of sigma
phase. CVN samples’ secondary cracks high-resolution images suggest that the ferrite and austenite arrest crack

propagation while the brittle sigma grains, depending on size and orientation propagate the cracks.

1. Introduction

Duplex Stainless Steels (DSS) are named after the duplex micro-
structure containing about 50 % ferrite and 50 % austenite. This
configuration results in great corrosion resistance, coupled with good
toughness and yield strength, thus facilitating widespread use across
various industries [1].

The mixed microstructure confers toughness higher than ferritic
stainless steels but slightly lower than purely austenitic stainless steels.
In these materials, austenite’s FCC structure predominantly governs
toughness performance due to its greater abundance of slipping planes.
While most FCC materials do not exhibit a pronounced temperature-
dependent Ductile-to-Brittle-Transition-Temperature (DBTT) -curve,
high-nitrogen FCC austenitic stainless steels show a significant DBTT
curve [2].

Over the last decade, duplex stainless steels have seen an increase in
typical nitrogen content as manufacturers rely more on the nitrogen role
for austenite stabilization. The recently developed Hyper Duplex
Stainless Steel (HDSS) boasts a high alloying content, including 0.4%wt.
Nitrogen, surpassing a pitting resistance equivalent number PREn of 48
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[3-5]. Furthermore, it exhibits a unique propensity to form high
austenite volumes upon welding. Acuna et al. [6,7] have demonstrated
through thermodynamic calculations the nitrogen role in stabilizing
austenite in HDSS welds. The austenite stable field can be significantly
shrunk when the content changes from 0.2%wt. To 0.4%wt. For this
reason, the authors also presented that the nitrogen content in the
shielding gas of HDSS welding is important to mitigate losses of this
element during the process.

However, the high chromium and molybdenum in this alloy could
exacerbate susceptibility to sigma phase formation. Sigma phase, the
most prominent intermetallic to occur at higher temperatures
(600 °C-1000 °C), grows into the ferrite phase, depleting chromium and
molybdenum and consequently reducing corrosion resistance [1,8,9].

The sigma phase is very hard and brittle, with the original report
from Bain and Griffiths [10] reporting hardness of approximately 68
Rockwell C, and the brittleness was attributed because the samples were
often fractured while testing. Marcinkowski and Miller [11] related the
brittleness of the sigma phase, in the Fe-Cr system, at room temperature
to the difficulty of dislocation generation in such a partially ordered
lattice, relating the high temperatures ductility to a less ordered struc-
ture, which suggested a possibility of an order-disorder transition in
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Symbol list

PREn Pitting Resistance Equivalent Number

DSS Duplex Stainless Steel

SDSS Super Duplex Stainless Steel (40<PREn>48)
HDSS Hyper Duplex Stainless Steel (PREn>48)

o Ferrite phase

DBTT Ductile-to-Brittle-Transition-Temperature
USE Upper Shelf Energy

kv Absorbed Energy

LE Lateral Expansion

SFA Shear Fracture Appearance

FCC Face centered cubic

Y Austenite phase

Y2 Secondary austenite phase

c Sigma phase

SEM Scanning Electron Microscopy

EBSD Electron Backscattered Diffraction

FS CVN Full size CVN specimen (10 mm x 10 mm x 55 mm as
per ASTM E23)

SS CVN  Subsize CVN specimen (10 mm x 5 mm x 55 mm as per

ASTM E23)

sigma phase. More evidence was found in the works of Mima and Imoto
[12] and Bungardt and Spyra [13], where “changes” in the sigma phase
suggested different Young’s Modulus at high and room temperature.

Therefore, the sigma phase presence hampers mechanical properties,
with severe impact toughness reduction due to the difficulty of dislo-
cation generation and the low dislocation mobility within the sigma
phase’s tetragonal partially ordered structure [8,11,14,15]. Severe
impact toughness reduction was seen once the sigma phase is formed [8,
11,16-19].

The Charpy V-Notch test provides a simple and rapid means of
evaluating impact toughness. Lucon et al. [15] have extensively utilized
this technique for comparing material toughness performance. As per
ASTM E23 [14], the absorbed energy is derived from a pendulum
striker’s impact on a V-notched bar specimen, with additional evalua-
tion criteria Lateral Expansion (LE) and Shear Fracture Appearance
(SFA) evaluated from the tested specimen.

While the concept of sigma phase toughness reduction is known, the
quantification of this reduction remains inadequately explored. Some
research has been developed on the toughness reduction of DSS [9,
19-24] and SDSS [16-18,24-26].

Breda et al. [18] compared the impact fracture toughness of super
duplex stainless steel plates in wrought and aged conditions (0.5 % in-
termetallics volume — sigma and chi phases), observing a significant
decrease in Upper Shelf Energy (USE) and an increase in DBTT. How-
ever, due to the simultaneous presence of sigma and chi phases, it was
challenging to isolate the effect of each phase on impact toughness.

Similarly, Calliari et al. [17] investigated the effect on intermetallic
formed on the range 800 °C-950 °C on 2205 duplex stainless steel. In
this alloy, it was found that fine disperse volume smaller than 0.5 %
intermetallics (at this volume only chi phase is present) caused a degree
of impact energy reduction, however, with a completely ductile fracture
behavior. At intermetallics volumes higher than 1 % (chi and sigma
phase were present) brittle fracture behavior was found. Interestingly,
when analyzing a higher alloyed material (SDSS) Calliari et al. [16] an
impact toughness reduction of 50 % once only 0.5 % intermetallics
volume was present. Once again, the chi and sigma phase are present,
and the effect of sigma phase separately could not be considered.

However, on the HDSS, as a new material, with higher austenitic
volume and its specific sigma phase kinetics [6,7,27-30], there’s a lack
of understanding regarding the relevance of sigma phase presence on
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toughness. Nevertheless, little effort has been put into evaluating this
material toughness performance, and even less into considering impact
toughness reduction as a function of sigma phase volume. Most of the
research developed in HDSS evaluated the material’s corrosion perfor-
mance when the sigma phase is present [31-48].

Therefore, this study builds on previous research on sigma phase
kinetics model for highly alloyed duplex stainless steels [6,7,27,30] to
artificially induce controlled amounts of sigma phase in the weld metal.
Differently from what has been published [16-19], this work developed
full DBTT curves using three criteria, absorbed energy (kV), lateral
expansion (LE), and surface fracture appearance (SFA) for six sigma
phase volume fractions. Beyond only reporting the impact toughness
reduction as a function of sigma phase volume, this research fitted
sigmoidal regressions developing sigma phase volume dependent cor-
relations for the DBTT behavior and another for the USE ductility.

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 presented in Fig. 1 (c).
Chemical composition of base material is available in Supplementary
Material Table S1. Machining of the specimen aimed to encompass the
microstructures of all three layers, focusing on the second layer’s center.
The specimens were machined from different locations, discarding 25
mm of material from the start and end regions of the welding beads, as
shown in Fig. 1 (b). Two cladded mockups were produced with auto-
mated GTAW process with distinct heat inputs (1.65 kJ/mm and 2.00
kJ/mm), interpass temperature controlled at 100 °C and 200 °C, and a
27.7.5.L HDSS filler metal with 1.2 mm in diameter. Welding parameters
are provided in the Supplementary Material Table S2.

Table 1 presents the material’s chemical composition measured
through Optical Emission Spectroscopy (OES) on the precipitation bars
cross-section. Since the emission line of nitrogen is in the region of
extremely short wavelengths for OES, its amount was also validated
using a combustion spectrometer Leco TC600.

The specimen’s machining aimed for precise centering on the second
layer, encompassing the entire microstructure of this layer, along with
1.25 mm from the first layer and an additional 1.25 mm from the third
layer.

2.2. Experimental procedure

2.2.1. Sigma phase precipitation experiment

The material’s evaluation was conducted on as-welded microstruc-
ture, initially free of any intermetallic presence. Specific heat treatments
deliberately induced sigma phase precipitation. The procedure for
artificially inducing precipitation was as follows:

The Gleeble® physical simulator was utilized to subject the material
to a specific thermal cycle. This cycle entailed a heating rate of 100 °C/s,
starting from room temperature and reaching a peak temperature of
1125 °C. The peak temperature was maintained for a duration of 0.5 s.
Subsequently, controlled cooling was initiated, with a constant cooling
rate employed to attain a predefined sigma phase volume fraction. This
approach was developed using the previous sigma phase kinetics model
[30]. Details of the precipitation procedure are provided in the supple-
mentary material.

Intermetallic volume fractions were quantified using quantitative
electron microscopy on a FEI Apreo LoVac High Resolution. The sample
preparation involved grinding from 240 to 1200 grit, followed by dia-
mond paste polishing (1 pm), and a final 0.02 pm colloidal silica pol-
ishing for 3 h. Microstructural etching was performed using a modified
version of Ramirez et al. [49] dual-step electrolytic etching process. This
process involved a 40 % HNOs + 60 % distilled water solution for
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Fig. 1. -Materials specimen. (a) precipitation experiment on the Gleeble. (b) schematic of specimen location of the precipitation bars in red and microstructural
analysis specimen in grey. (c) cladded mockup from which the “as-welded” specimens were machined. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Table 1
OES Measured chemical composition in wt.% on the precipitation bar samples used in physical simulation.
Material Fe C Cr Ni Mo N Co Mn PREn
HDSS weld metal Bal. 0.023 26.05 6.31 4.74 0.40 1.32 0.96 48.0
interphase etching, with a first step of 1.3V for 20 s, followed by 0.9V for bl
Table 2

60-240 s for ferrite preferential etching. The quantifying phase fractions
procedure by digital image analysis and thresholding grayscale images
from SEM is described in detail in previous works [6,7,27,30].

Two mockups M1.6IT100 and M2IT200 were used for the experi-
ments due to the following reasons:

e Both mockup conditions yielded nearly identical sigma phase-free
DBTT curves, with similar DBTT and USE values.

e Both mockup conditions exhibited closely matched volume distri-
butions of austenite and ferrite phases, particularly at the second
layer, which represents the primary microstructure of the utilized
impact specimen.

e The primary limitation on impact toughness arises from the volu-
metric fraction of the sigma phase.

o The availability of specimens was constrained.

The experiment conditions, corresponding specimen set name,
cooling rates and the resultant sigma phase volumes can be found in
Table 2. The heat treatment temperature is controlled by a feedback
type-K thermocouple positioned at the center of the specimen.

Consequently, the analysis of results centers on the volumetric effect
of the sigma phase rather than the specific mockup conditions. None-
theless, the figures and tables presented continue to specify the mockup
condition employed.

After the sigma phase precipitation cycle, the Charpy notch was
strategically positioned precisely within the region where the cooling
rate had been controlled. Ultimately, the sample was trimmed to achieve
a final subsize length of 55 mm [14].

HDSS impact test condition and sigma phase volume fraction as a function of the
cooling rate.

Weld Condition Mockup Cooling rate Sigma [% Standard
name [°C/s] vol] Error”

1.65 kJ/mm IT M1.6IT100 >20 0 N/A
100 °C

2.0 kJ/mm IT M2IT200 >20 0 N/A
200 °C

2.0 kJ/mm IT M2IT200 2.5 0.16 +0.04
200 °C

2.0 kJ/mm IT M2IT200 1.3 0.52 +0.10
200 °C

2.0 kJ/mm IT M2IT200 1.0 0.90 +0.14
200 °C

1.65 kJ/mm IT M1.6IT100 0.9 4.3 +0.75
100 °C

2 Standard Error calculated for a 95 % confidence interval.

2.2.2. Subsize DBTT curve development

The construction of the Ductile-to-Brittle-Transition-Temperature
(DBTT) curves for the HDSS as-welded material relied on impact
toughness measurements. Utilization of a Tinius Olsen model-64 impact
tester featuring a 540 J pendulum was critical. The testing procedure
and specimen dimensions closely adhered to the guidelines outlined in
standard ASTM E23 [14].

Notably, each specimen was fitted with a type-T thermocouple,
0.254 mm diameter, positioned proximate to the notch area. This
thermocouple served the purpose of recording the specimen’s temper-
ature at the moment of pendulum impact. To establish uniformity in
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testing conditions, the specimens were subjected to 1 min of immersion
in liquid nitrogen, effectively stabilizing the temperature at —196 °C.
Subsequently, the specimens were situated on the equipment anvils until
the attainment of the designated testing temperature.

Owing to the constraint imposed by the maximal cladding layer
thickness of approximately 7.5 mm, it was necessary to utilize subsize
specimens. Therefore, the subsize CVN specimen were centered on the
second deposited layer, which presented higher uniformity between
both cladding conditions. Based on ASTM E23 [14], the subsize spec-
imen 2B (10 mm x 5 mm X 55 mm). In this context, the reduction in size
by half, solely pertained to the thickness dimension (denoted as “B" in
the standard), as depicted in Fig. 2. Notably, the striking direction, notch
depth, notch radius, and crack propagation length were preserved in
congruence with the specifications for the full-size specimen.

The DBTT curves were determined through the utilization of the
hyperbolic tangent equation (Equation (1)), with parameters T, and C
being defined through the solution of least squares calculations, in
accordance with the method delineated by Lucon et al. [15,50].

T—T
Y=A + B tanh °

Where, A is the average value between the Upper Shelf Energy (USE)
and the Lower Shelf Energy (LSE); B represents the difference between
the USE value and A; C is half of the temperature transition range from
the USE to LSE; and T, corresponds to the DBTT value. The computation
of the DBTT curves was conducted according to three specified criteria
in the standard, which encompassed impact energy (kV), lateral
expansion (LE), and surface fracture appearance (SFA) [14].
Furthermore, a regression analysis was constructed to elucidate the
behavior of both DBTT and USE concerning the volume fraction of sigma
phase. This was achieved by fitting the obtained results into a symmetric
sigmoidal curve, facilitating an encompassing depiction of the

b)

Full-size Specimen

10mm X 10 mm X 55 mm
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relationship.
3. Results and discussion
3.1. Material and microstructure characterization

Fig. 3 illustrates the as-welded microstructure on the HDSS second
layer cladding, which undergoes reheating solely by the third layer.
Within this intermediate layer, the a—y transformation is comparatively
less extensive than the first layer, resulting in a microstructure balance
that approximates the targeted 50 % distribution. Specifically, the
M1.6IT100 condition yielded a ferrite volume fraction of 51.72 % +
1.13 %, while the M2IT200 condition exhibited a similar ferrite content
of 48.99 % + 9.03.

The thermal history shows the second layer reheating cycle
achieving a peak temperature exceeding 1500 °C, rapid CraN dissolution
occurs while nitrogen enrichment takes place in the ferrite. Subsequent
rapid cooling, at approximately 90 °C/s, induces swift nitrogen super-
saturation within the ferrite, leading to intense precipitation. Notably,
intense CryN precipitation, forming colonies inside the ferritic matrix, is
marked by blue ellipses, Fig. 3.

Both welding conditions resulted in CroN precipitation. Qualita-
tively, M1.6IT100 exhibited higher precipitation, attributed to the
higher ferrite content, reduced heat input, and lower interpass temper-
ature. Additionally, intragranular secondary austenite precipitation
associated with chromium nitride is observed. In the examined images,
the secondary austenite grain size in the higher heat input scenario
(M2IT200) is qualitatively larger, a consequence of the higher peak
temperature reached and lower cooling rates.

Fig. 4 presents a secondary electron SEM image from the M1.6IT100
s layer with CryN presence. In this image, a triple junction is apparent
between two ferrite grains and an austenite grain. The red arrow

Sub-size 2B Specimen
10 mm X5 mm X 55 mm

10 mm

Rl >
5mm
A
10 mm
v
s 10 mm

10 mm

Fig. 2. Impact toughness Charpy V-notch specimen. Comparison of the standard full size and the subsize 2B used in this research as per ASTM E23 [14].
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2" Layer
/

Base Metal ASTM A516 Gr.B

M1.6IT100|

3 \*";
oL 51.72%
+1.74%

| M21T200

Fig. 3. Second layer cladded mockups 3D microstructure representation,. The less hot condition, M1.6IT100, is on the left, and the optimized heat input condition,
M2IT200, is on the right. The blue ellipses mark intense Cr,N precipitation creating colonies inside the ferritic matrix. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Chromium nitride present on the M1.6IT100 mockup. Intragranular
Cr2N within the ferritic matrix, white dashed ellipsis. Intergranular Cr2N (blue
arrows) at the a/y interface, black arrow and a/a grain boundary, red arrow.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

signifies the o/ grain boundary, while the black arrows highlight the
o/y interfaces. In both ferrite grains, intragranular CroN colonies are
evident, delineated by white dashed lines. Furthermore, intergranular
CryN is observed at the upper a/y interface. The interaction of CroN with
austenite is as anticipated, primarily following an orientation relation-
ship where the most compact planes of ferrite, austenite, and CraN are
parallel, denoted as (111)]](110),||(0001)¢ron, as elucidated by Ram-
irez et al. [49,51]. This orientation relationship arises from the parallel
orientation relationship of the most compact planes between ferrite and
CroN, also noted in intragranular precipitation, combined with the
Kurdjumov-Sachs (K-S) orientation relationship at the a/y interfaces.

No sigma phase was observed in the second layer microstructure.
The sigma phase temperature range’s, 1100 °C-700 °C, cooling rates
were 22 °C/s. This agrees with the previous research from Acuna et al.
[6,7,27], finding no sigma phase formation at cooling rates higher than
4°C/s.

3.2. Impact toughness - DBTT curves results

Without sigma phase presence, both mockups, M1.6IT100 and
M2IT200, presented equivalent DBTT curves, regardless the welding
parameters. The graph in Fig. 5 displays the measured data as blue
squares and green triangles, representing M1.61T100 and M2IT200,
respectively. Corresponding DBTT curves followed suit with color

100 PEEPRRSRTIN NSNS SRS TSR ST SN NSNS SN SATUN SN SNV SN S S A NSy
A
90.] ——SSM1.6IT100 i
— { |[=—S8S M2IT200 =
= 804 L
S o A B USEM2(T200 70~
§ 0. USE M1.6T100 6917 [
[}]
o ]
w504 o
g 4
S 40 -
s J
» 30 -
Ke) ]
< 20- I -
i I DBTT M2IT200 -56°C |
] /DBTT M1.6IT100 -52°C |
0+ T -'/l T T T

-200 -150 -100 -50 0 50 100 150 200
Temperature [°C]

Fig. 5. Sub-size CVN DBTT curve in the as-welded condition. No interme-
tallic presence.



A. Acuna et al.

coding and were established through hyperbolic tangent function
fitting. The calculated DBTT and USE values closely aligned between the
two conditions, nearly equivalent at —52 °C, 69J for M1.6IT100, and
-56 °C, 70J for M2IT200.

The small performance difference is attributed to the austenite
volumetric fraction [8]. M2IT200 exhibited a slightly higher average
austenite volume fraction (47.6 %) than M1.6IT100 (47.1 %), alongside
an elevated presence of CraN in M1.6IT100 resulting on the marginal
reduction in DBTT and USE values for M1.6IT100.

Table 3 presents the results comparison of both heat input condi-
tions. FATTs stands for fracture appearance transition temperature of
fifty percent, a corresponding evaluation of the DBTT on the SFA curve.
The table shows a high agreement of the M1.6IT100 DBTTs results in all
criteria, with only the lateral expansion diverging about five degrees.
Conversely, the M2IT200 DBTTs presented high agreement in the LE and
FATTsg values but differed slightly from the kV criteria. The absorbed
energy (kV) is the most used criterion, with some standards such as the
API RP582 [52] now also including the LE criteria as a recommendation.
Lucon et al. [15] claimed that the three transition temperature defini-
tions, DBTTky, DBTT; g, and FATTsg, should agree within +25 °C. In this
research, all transition criteria agreed within +10 °C.

Given the literature limited data available for HDSS DBTT behavior,
particularly in relation to sigma phase presence, this research endeavors
to establish meaningful correlations. Despite the absence of an estab-
lished full-size (FS) to sub-size (SS) curve correlation for the entire DBTT
curve, certain factors like normalized USE and specific correlations offer
insight [15,53,54]. Lucon et al. [15] compared multiple published area
normalizing factors using multiple sub-size specimens. He proposed a
new factor based on the ratio of the nominal fracture volumes expressed
as: Bd?, where B is the sample reduced thickness and d is the ligament
size (width discounted of the notch depth).

Assuming the same hyperbolic tangent behavior and exhaustion of
the material’s ductility in both full-size and sub-size at very low tem-
peratures, i.e., negligible changes of the lower shelf energy value. It is
possible to calculate a DBTT curve to create data qualitatively compa-
rable with the material’s data sheet reference. This was established by
fitting the hyperbolic tangent equation using the same measured LSE
value, the DBTT correlated value (average of Towers’ and Wallin’s
correlation) [53,54], the normalized USE value using Lucon’s factor
(NF8), and using the same temperature transition width measured,
Fig. 6.

In Fig. 6, the continuous red line represents the material’s full-size
(FS) reference. Calculating from this data yields a DBTT of —54.2 °C, a
USE of 261.7 J, and an LSE of 5.88 J. The close match between the full-
size LSE and the measured sub-size LSE validates the assumption that
complete ductility exhaustion occurs at extremely low temperatures,
approximately —180 °C. The previously observed sub-size DBTT curves
from Fig. 5, are displayed in solid blue and green lines, while qualita-
tively correlated DBTT curves are shown in dashed lines, following the
color pattern of M1.6IT100 in blue and M2IT200 in green.

It is critical to consider that the HDSS normalized (NF8) USE values
lower than the results reported for wrought 2205 DSS [17] and SDSS
[16] materials without sigma phase presence. This reduction is due to
the role of welding, the as-welded microstructure has inherently lower
toughness when compared to the wrought material, as the phase dis-
tribution and phase morphology are severely distinct and also play role
in the sigma phase’s formation kinetics [30,55].

While these curves are plotted for qualitative comparison, the DBTT

Table 3
Cladded condition comparison of the maximum toughness and temperature
transition results.

Welding Condition DBTTyy [°C] DBTTyg [°C] FATTs [°C] USE [J]
M1.6IT100 —52.29 —47.83 —52.92 68.85
M2IT200 —55.74 —62.57 —64.62 69.97
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Fig. 6. DBTT curve correlation chart. The red line presents the full-size (FS)
CVN specimen forged microstructure. The subsize (SS) CVN specimen are
presented by the continuous green and blue lines. The fitted full-size curves,
using separated correlations for the DBTT and for the USE, are presented in the
dashed green and blue lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

and USE values are calculated using validated correlations, allowing for
a valid quantitative comparison. The fully correlated DBTT is —33.70 °C
and —37.14 °C for M1.6IT100 and M2IT200, respectively, representing
an increase of around 18.5 °C after welding. Similarly, the fully corre-
lated USE is 168.85 J for M1.61T100 and 172.60 J for M2IT200, showing
a reduction of approximately 90.5 J after welding. Notably, the as-
welded microstructure’s impact toughness data is not as optimal as
that of the forged material. This difference stems from processing con-
ditions, as the forged material exhibits distinct microstructure, grain
texture, and higher stored deformation that collectively influence
toughness performance. Despite these disparities, these are the novel as-
welded HDSS DBTT curves, rendering this material data valid across
specimen sizes.

The presence of the sigma phase can lead to a significant reduction in
impact toughness presence [8,16-18]. This reduction is attributed to the
tetragonal, partially ordered structure of the sigma phase, characterized
by low dislocation mobility [1,11,56-59]. While the HDSS investigated
in this study has demonstrated resistance to sigma phase precipitation
during welding [6,7,30], it remains crucial for the industry and scientific
community to evaluate how the presence of the sigma phase impacts
impact toughness.

Given the impossibility of naturally inducing sigma phase presence
during welding [6,7,30], sigma phase formation was artificially induced
using a Gleeble® physical simulator applied to the as-welded micro-
structure [30]. The summarized results and correlations, including
DBTT and USE correlations based on the work of Towers et al. [53] and
Wallin et al. [54], as well as USE area normalizing factor (NF8) based on
Lucon et al. [15], are presented in Table 4. These correlations are
applicable to both mockups and all sigma phase volume fractions
assessed.

Table 4 offers a comprehensive summary of impact toughness CVN
subsize results, presenting data for various sigma phase volume frac-
tions: 0 % vol on M1.6IT100, 0 % vol on M2IT200, 0.16 % vol on
M2IT200, 0.52 % vol on M2IT200, 0.9 % vol on M2IT200, and 4.3 % vol
on M1.6IT100.

The consensus that sigma phase presence reduces toughness is
confirmed and agrees with previous works [16-18]. However, only
understanding the general impact toughness (USE) as a function of
intermetallic presence does not provides a complete analysis. The
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Table 4
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Impact toughness CVN subsize results summary for different iduced sigma fractions in the as-welded HDSS weld metal.

Sigma phase volume Measured Values

Towers et al. [53] correlation

Wallin et al. [54] correlation Lucon et al. [15]

phase fraction Correlation
DBTTwy DBTTg FATTso USE DBTTyy DBTTg FATTso DBTTwy DBTTg FATTso USE NF8 [J]
[°cl [°c [°cl [J] [°cl [°c1 [°c [°cl [°c1 [°cl
0 % vol on —52.3 —47.8 —52.9 68.9 —34.8 —30.3 —35.4 —32.6 -28.1 —33.2 169.8
M1.6IT100
0 % vol on M2IT200 —55.7 —62.6 —64.6 70.0 —38.2 —45.1 —47.1 —-36.0 —42.9 —44.9 172.6
0.16 % vol on —-50.3 —44.4 —55.9 66.9 -32.8 —26.9 —38.4 —-30.6 —24.7 —36.2 165.0
M2IT200
0.52 % vol on —29.6 —26.8 -37.9 30.6 -12.1 -9.3 —20.4 -10.0 -7.1 -18.2 75.5
M2IT200
0.9 % vol on —24.1 —15.2 -19.2 16.7 —6.6 2.3 -1.7 —4.4 4.5 0.5 41.3
M2IT200
4.3 % vol on -8.3 —4.1 —6.5 11.7 9.2 13.4 11.0 11.4 15.6 13.2 28.8
M1.6IT100

kinetics analysis shown that the HDSS high alloy content show primarily
sigma phase formation and very seldom chi phase appearance [7,30].
This characteristic provides the opportunity to understand the effect of
sigma phase separately from chi phase, which is distinct and unique
from the previous works. In addition, there is a critical demand from
industry to understand how the impact toughness is reduced with the
decrease of temperature. Hence, the novelty on the development of the
entire DBTT curves for each sigma phase volume produced.

In Fig. 7, displays the calculated DBTT curves corresponding to the
tested sigma phase volumes, including 0 % (both mockups), 0.16 %,
0.52 %, 0.90 %, and 4.3 %. A noticeable trend emerges as the DBTT
increases with higher sigma phase volume. A greater sigma phase vol-
ume fraction renders the HDSS brittle at elevated temperatures. This
effect is particularly pronounced when considering that a mere 0.52 %
sigma phase volume leads to a DBTT shift of approximately 30 °C. More
critically, at 4.3 % sigma phase volume, the DBTT increases by 46 °C,
resulting in a DBTT as high as —8 °C. This temperature is easily
attainable due to environmental fluctuations, especially in industrial
settings such as oil and gas facilities.

An essential indicator of impact toughness is the upper shelf energy
(USE), which quantifies the material’s energy absorption capacity at its
maximum ductility. A reduction in USE reflects a decrease in overall
toughness. Fig. 7 visually demonstrates a progressive decrease in USE as
the sigma phase volume increases. Notably, a sigma phase volume
fraction as low as 0.52 % leads to a substantial 55 % reduction in USE.

80 PO SRS [N T ST SN S [N YN ST SN TN [N T SN S T [N ST ST S S [N T S Y N ST SN T W A ST S
| = 0% & M2IT200 0%c70)
70 0% o M1.61T100 0% G 69 J
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Fig. 7. As-welded HDSS DBTT curves for multiple sigma phase volu-
metric fractions.

Moreover, sigma phase volume fractions of 0.90 % and 4.3 % result in
even more pronounced reductions of 78 % and 82 % in USE,
respectively.

It is possible to consider the HDSS USE results comparable with the
results Previous research from Calliari et al. [16], in wrought
Zeron®100 SDSS and on 2205 DSS [17] also with about 50 % of USE
decrease at 0.5 % volume of intermetallics. Similar reduction seen on
this research. However, while the previous research accounted for
concomitant chi and sigma phase on wrought condition, our approach
isolated sigma phase presence on as-welded HDSS microstructure.

Fig. 8 compares the three transition temperature definitions:
DBTTyky, DBTTLE, and FATTs50, within a 10 °C range. The specimens at
0.16 % and 0.52 % sigma phase exhibit higher scattering. Specifically, at
0.16 %, similar scattering is observed for DBTT g and FATTso, whereas
at 0.52 %, FATTs( deviates by almost 6 °C from DBTTyy. Despite the
DBTT results’ scattering, all three criteria marked DBTT values within
410 °C which is higher than the 25 °C defined by Lucon et al. [15].

Both material properties, DBTT and USE, display sigma phase vol-
ume fraction-dependent behavior. This relationship appears less sensi-
tive at very low volumes, suggesting an asymptotic trend [16-18].
However, it becomes more sigma phase-dependent up to 0.90 %. Beyond
this point, the dependence diminishes again, possibly indicating another
asymptote.

The interaction between the sigma phase volume and the DBTT and

N —+ @ 0% ¢ M2IT200 DBTTLE
T A 0% o M2IT200 FATT50
- @ 0% o vol M1.61T100 DBTTLE
-10 T 4 0% o vol M1.6IT100 FATT50
+ @0.16% o M2IT200 DBTTLE
T A0.16% o M2IT200 FATT50
-20 -+ ©0.52% o M2IT200 DBTTLE
o T 40.52% o M2IT200 FATTS0
% 1 ©0.9% o vol M2IT200 DBTTLE
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H i = s -
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Fig. 8. HDSS Transition temperature comparison chart. Absorbed criteria (kV)
is linked to the horizontal axis. The lateral expansion (LE) and the fracture
appearance transition temperature of fifty percent (FATTs) are presented in
circular and triangular symbols. The farther the symbols are from the dashed
diagonal, the higher the divergence from the DBTTyy.
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USE suggests a sigmoidal relationship. Fitting the data using the four-
parameter logistics (4 PL) symmetric sigmodal regression produces a
high agreement with the data with an R? of 0.988 for the DBTT fitting
and 0.999 for the USE fitting. Table 5 presents the DBTTyy and USE
values as a function of the sigma phase volume fraction and the corre-
sponding 4 PL regression, visualized in Fig. 9 (a) and (b). It is critical to
consider that each sigma phase volume, DBTT, and USE data set is
extracted from the whole DBTT curve developed with 20 specimens,
being a cost and time-consuming experiment. Due to the two conditions
with 0 % sigma phase volume (1.65 and 2.0 kJ/mm), their average
values of DBTT and USE were used in the regression for the upper shelf
asymptote.

The DBTT regression suggests a sigma phase saturation effect beyond
4.3 % volume. Therefore, the DBTT value stabilizes around —7 °C.
However, due to the limited available data sets, extrapolations for sigma
phase volumes higher than 10 % might not be accurate. Accordingly, the
USE regression suggests the saturation effect revealing an asymptotic
behavior from 0.90 % to 4.3 % volumes of sigma phase to 12 J. This
observed trend is expected since even with higher sigma phases volu-
metric fractions. There is always some amount of austenite to be
cracked. The though austenitic phase produces a minimum energy
absorption.

The results seen in DBTT and USE revealed that the material’s
toughness is already severely reduced at 4.3 % sigma phase volume.
Higher sigma phase volumes are not feasible for real applications in the
industry. In fact, the reduction of toughness measured at 0.52 % sigma
phase volumes is likely a limitation to be recommended to standards.
Interestingly, this high reduction of USE results at about 0.5 % of in-
termetallics volume was also seen in DSS [17] and in SDSS [16,18] all on
wrought condition. However, besides the material’s chemical compo-
sition, in the previous research chi phase and sigma phase precipitation
overlapped and at lower volumes chi phase was predominant. The
particular HDSS’ chemical composition and the kinetics analysis
developed on previously [6,7,27,30], made possible to develop spec-
imen only with sigma phase presence. Therefore, allowing to understand
the role solely of sigma phase into toughness. In special, the validity of
this analysis is not only to assess the HDSS material’s toughness. Instead,
it is to establish a correlation for the material’s toughness performance
as a function of the sigma phase volumetric fraction.

Due to the specimen triaxiality, simultaneously with the main crack
creating the fracture surface, secondary micro cracks are occurring in-
side the specimen, sometimes seen in the fracture surface, as shown in
Fig. 10.

In Fig. 10, a specimen containing 0.16 % vol of sigma phase fractured
at —74.5 °C reveals the initial fracture surface. On this surface, the
machined notch appears on top, followed by dimples with some striation
marks and small cleavage sections, as highlighted in the red box. Even at
lower sigma phase volumes, these brittle regions were seen. Given the
reduced sigma phase volume, these cleavage regions are highly related
to the sigma phase presence, reduction of the crack-free path [18]. The
highlighted brittle region is magnified in the image detail, revealing
secondary cracks on the fracture surface.

To evaluate the secondary cracks, the CVN specimen was longitu-
dinally sectioned in half, revealing an inner surface with apparent

Table 5

Impact toughness subsize CVN measured and calculated regression results.
Condition Sigma DBTTky DBTT USE USE

vol. [%] [°C] Regression [J] Regression
[°C] [J]

M1.6IT100 O -52.29 —54.85 68.85 69.72
M2IT200 0 —55.74 —54.85 69.97 69.72
M2IT200 0.16 —50.34 —48.53 66.87 66.50
M2IT200 0.5 —29.65 —32.31 30.59 30.85
M2IT200 0.9 -24.10 —21.88 16.74 16.16
M1.6IT100 4.3 —8.32 —8.85 11.66 12.04
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secondary cracks within 300 pm of the fracture surface, as shown in the
schematic Fig. 11.

The secondary crack analysis revealed an interesting effect; within a
short range, approximately 300 pm, of the fracture surface, most of the
sigma phase grains presented cracks, as is shown in Fig. 12, a specimen
with 4.3 % of sigma phase broken at —5.7 °C. This results endorses the
analysis of Breda et al. [18] and Calliari et al. [16,17] where the inter-
metallic precipitates cause cleavage and quasi-cleavages where the
austenite and the ferrite matrix accumulate the plastic deformation
energy.

A more detailed analysis using SEM secondary electrons combined
with the backscattered signal, Fig. 13, revealed some key characteristics:

e The secondary cracks indicated the same direction of propagation
from the main crack. ie., the crack direction followed the notch
direction.

The secondary cracks progressed mainly through the sigma phase
while also propagating transgranular through the 6+y5 colonies, also
breaking the thin secondary austenite lamellas.

The cracks propagated through the sigma phase grain and were
primarily arrested in the more ductile primary austenite grains,
indicated by the blue arrows. This process created an extra half-circle
deformation on the austenite interface [16-18], as shown in Fig. 13.
Some cracks were also arrested in the ferrite grains, indicated by the
red arrows.

Multiple cracks were seen inside a single sigma phase grain.

Fig. 13 (d) revealed smaller and more straight cracks at the sample
broken at —50 °C than in Fig. 13 (a, b, and c) broken at temperatures
above +110 °C. In this condition, more deformation was seen on the
austenite and ferrite grains. In addition, the crack opening was more
significant at positive temperatures. Fig. 13 (a) and (c) show cracked
o+y2 colonies with crack propagation even though the secondary
austenite. Even though the secondary austenite presents much higher
ductility, these lamellas thinner than 1 pm could not deform enough to
stop the crack.

Mao et al. [60] were able to link the secondary crack’s average
length with the specimen absorbed energy at the same temperature. In
the studied alloy, he separated the crack lengths into short-range and
long-range distributions, 0-15 pm and 15-30 pm, respectively.

In Fig. 14, a high-resolution SEM shows a detail of an etched spec-
imen containing 4.3 % volume of sigma phase and broken at —5.7 °C,
which resulted in an absorbed energy of 7.46 J, 0.06 mm of lateral
expansion, and a shear fracture appearance of 10 %. The etching process
primarily etched the sigma phase causing it to appear deeper on the
image. In the image center, a transgranular crack created a flat facet
surface across the sigma grain.

Interestingly, the region appearing as the crack center present a
feature on the crack tip and at the interfaces with the surrounding
austenite grains. On the top side of the crack, there is a small protrusion,
marked by the red arrow, on the austenite grain. In contrast, on the
opposite side, there is a small dent marked by the blue arrow. Because of
the indications of the crack crossing the brittle sigma phase and stopping
at the interface with the more ductile phases, as seen in Fig. 13, it is
believed that this feature corresponds to a crack path, which starts at the
red arrow and stops at the blue arrow. This feature is marked following
the austenite interface inward of all the neighbors’ grains suggesting the
crack propagating also inward the figure plane along the sigma phase
grain depth.

Depending on the microstructure alignment with crack propagation
direction, the crack length can be significantly altered, as can be seen in
Fig. 14 (c), with multiple small cracks crossing a thin (0.5 pm) sigma
phase grain and a longer crack formed on a wider sigma phase grain
section (6.7 pm).

The study of secondary cracks indicates that crack propagation de-
pends on the sigma phase maximum grain size and orientation.
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Fig. 10. Fractography of specimen containing 0.16 % vol of sigma phase fractured at —74.5 °C. The red box shows secondary cracks perpendicular to the primary
notch crack propagation plane. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Subsize CVN specimen longitudinal cut for secondary crack analysis.
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Fig. 12. Inner surface of the specimen with 4.3 % of sigma phase broken at —5.7 °C. The red box detail shows the secondary cracks present in most sigma phase
grains. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Se—
Crack direction

Fig. 13. SE SEM images of the samples with distinct sigma phase volumes and temperature test. The blue arrows indicate the cracks arrested on austenitic grains.
Conversely, the red arrow mark cracks arrested on ferritic grains. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

4.3% o -5.7°C
o

Fig. 14. SE SEM on specimen with 4.3 % o phase volume broken at —5.7 °C. Detail of a secondary crack through a sigma phase grain suggesting crack deformation on
the austenite interface, at the start (red arrow) and stop (blue arrow) regions of the crack. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Therefore, it is believed that further fracture mechanics analysis might induced by thermal-physical simulation. Thus, the following conclu-
be able to find a critical sigma phase grain size as critical flaw size is used sions can be stated:
in non-destructive testing (NDT) and engineering critical assessment
(ECA). 1. Even small volume of sigma phase such as 0.5 % drastically reduced
the maximum ductility, USE, to 50 % of the sigma phase free

4. Conclusions material.

2. Volume of 0.5 % sigma phase cause the DBTT to increase 26 °C, a

This work presented an evaluation of the impact toughness of HDSS high reduction of toughness.

welding metal under different heat inputs and sigma volume fractions

11
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3. Impact toughness (CVN) evaluation showed the condition with 2.0
kJ/mm presented a slightly higher ductile performance due to the
higher austenite volume.

4. The subsize CVN testing revealed that the DBTT and USE values can
be described through sigmoidal behavior as a function of the sigma
phase volume fraction.

5. A sigmoidal regression fitted for the DBTT value as a function of
sigma phase volume showed the increase of the DBTT up to an
asymptotic behavior at —7 °C.

6. The subsize CVN USE regression denoted an asymptote at 12 J for
higher sigma phase volumetric fractions.

7. Secondary crack indicated that the crack propagation is dependent
on the sigma phase grain size and orientation.
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