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ABSTRACT

Duplex stainless steels (DSS) have a high toughness and strength due the presence of both
austenitic and ferritic phases. These alloys have had limited use in power production applications
due to thermal embrittlement caused by spinodal decomposition and development of G-phase
precipitates in the ferrite. Lean grade DSS alloys (e.g., 2101, 2003) may offer improved thermal
stability due to the reduction of Cr- and Ni-equivalent elements when compared to standard grade
compositions (e.g., 2205, 2209). The abundance of the G-phase was measured in five duplex
stainless steels, three wrought alloys (2101, 2003, 2205 ) and their matching filler metals (2101-
w, 2209-w), after aging at 427°C for 1,000 h and 10,000 h. The G-phase volume fraction, number
density, size, and precipitate spacing were found using quantitative analysis of transmission
electron microscopy dark field images and the composition of G-phase precipitates on other
clusters were characterized with atom probe tomography (APT). In the welded alloys, the G-phase
was found to develop rapidly, relative to the wrought material. A positive correlation was found
between the nickel equivalent composition of the alloy and the G-phase volume fraction. The
alloys 2205, 2209, and 2101-w, which are higher in Cr and Ni, all showed significant G-phase
precipitation, further strengthening the hypothesis that lean grade DSS alloys are more thermally
stable against precipitation in the ferrite. Electron diffraction showed a secondary phase present in
the 2101 wrought alloy at 10,000 h, but it was not crystallographically consistent with the G-phase;
APT showed the presence of nanoclusters rich in both nickel and copper for this alloy. No
secondary phases or clusters were found in 2003 after 10,000 h of aging, so it may be a candidate

alloy for applications that require long-life times at high operating temperatures.
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1. INTRODUCTION

Duplex stainless steels (DSS) have high toughness, strength, and excellent corrosion resistance
with a relatively low nickel content. This combination of properties results from a roughly equal
ferrite and austenite phase fraction and makes DSS a choice material for piping, pressure vessels,
storage tanks, and structural components in chemical processing industries [1]. Despite the
advantages of DSS, use in industrial applications (i.e., power production) has been limited due to
thermal embrittlement during long term operation at temperatures between 200°C and 580°C [2].

Thermal embrittlement is caused by a phase separation in the ferrite into a chromium-rich o’
phase from the iron-rich a phase through either spinodal decomposition or nucleation and growth
[2]. Following a-a’ phase separation, a face-centered cubic precipitate called the G-phase can form
[3, 4] from the nickel, manganese, and silicon [5] rejected during phase separation, often at the
a-o’ interfaces. Both G-phase formation and o-o' phase separation may contribute to the
degradation of mechanical properties during aging, though their relative contributions to thermal
embrittlement varies depending on the alloy composition and thermal history [6-12]. Badyka et al.
[10] quantified spinodal wavelength and amplitude and G-phase particle size in eight aged Mo-
free and Mo bearing DSS (including 2101 and 2205) and used combinations the Ardell model and
either the modified Orowan or a modified Bacon-Kocks-Scattergood model to estimate the relative
influence of spinodal decomposition and G-phase on hardening. They showed that G-phase
contributes to hardening and is the main contributor to the hardening of the Mo-bearing steels they
studied in the early stages of aging in the range of 323°C to 350°C. Silva ef al. [11] compared
hardness of 2205 and 2101 DSS that had been aged at 475°C with aged alloys that were annealed
to reverse spinodal decomposition without dissolving precipitate phases. They attributed only 2%

of hardening to G-phase precursors and other precipitates contribute in 2101, but 17% of hardening
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in 2205 was attributed to the G-phase. The same study also demonstrated that the G-phase and
other precipitate phases contribute to a decrease in pitting corrosion resistance, however Cr-
depletion due to spinodal decomposition was the dominant contributor in 2205. In 2101, Cr-rich
nitride precipitates impacted corrosion resistance more that spinodal decomposition. G-phase has
also been found to dominate the decrease in pitting corrosion resistance in aged DSS Fe20Cr9Ni
[13]. Thus, even if the G-phase does not dominate hardness increases during aging, it may degrade
corrosion resistance.

The kinetics of a-a’ phase separation and subsequent G-phase precipitation are affected by the
alloy composition, so identification of alloys with slower aging kinetics could make DSS an
appropriate choice for applications that require long term operation at elevated temperatures. Lean
grade alloys, such as 2003 and 2101, have relatively low chromium- and nickel-equivalent
elements (which include copper, nitrogen, and carbon) [14], and are a grade of DSS alloys that
show promise for these applications. In this study, G-phase formation in lean grade alloys 2101
and 2003 and their matching weld metal (2101-w) are compared to the most common standard
grade DSS 2205 and its matching weld metal (2209-w). Understanding the characteristics and
composition dependence of G-phase formation might assist in the selection of suitable alloys for
elevated temperature applications.

The G-phase has been identified previously using transmission electron microscopy (TEM)
and atom probe tomography (APT) over a range of temperatures (300°C to 470°C) and aging times
(0 h to 20,000 h). The crystallographic relationship between the G-phase and the ferrite matrix has
been determined to be (100),/|(100)g; [010],/|[[010]g, or “cube-on-cube” orientation using electron
diffraction [5, 15-19]. High resolution TEM has been used to verify this orientation and measure

the lattice mismatch between the G-phase and ferrite matrix [17, 19]. That the precipitates
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identified in the APT experiments are crystallographically distinct from the ferrite matrix has been
verified with dark field TEM (DF-TEM) [15, 16, 18]. Quantitative measurements of the G-phase
volume fraction in the aged alloys have been made using APT [16, 17, 19] and number density
and precipitate size have been measured using both APT and TEM [10, 15, 16, 18]. The chemistry
of the G-phase has been measured using TEM energy dispersive spectroscopy (EDS) [17, 19] and
APT [16-18].

In this work, G-phase is investigated in five candidate DSS alloys aged for up to 10,000 h. DF-
TEM and energy filtered TEM (EF-TEM) based thickness maps were used to quantify the
abundance of the G-phase. Specifically, the volume fraction, number density, precipitate size and
precipitate separation were calculated. In previous work with the same alloys, the evolution of a-
o' phase separation [3, 20, 21], change in the hardness of the ferrite [2, 3, 21], and the corrosion
resistance [22] were measured. The leaner grade alloys were found to have a slower hardening
rate, but reduced corrosion resistance. The characterization of the G-phase in this set of alloys
completes the comparison of lean versus standard grade DSS alloys after thermal aging at 427°C.
2. MATERIALS AND METHODS

Five DSS alloys were studied: three commercial, hot-rolled wrought alloys, 2101, 2003, and
2205, and two welded alloys, 2101-w and 2209-w. The weld deposits were made through a multi-
pass gas tungsten arc welding process in which large weld pads (approximately 13 cm x 11 cm x
16 cm) were created using 2101-w and 2209-w weld wire. The welds were made on their
corresponding base metals, 2003 and 2205, respectively. The microstructural characterization of
the as-received alloys has been described elsewhere [4, 21]. The weld pads were cut from the base
metal and sectioned into bars for isothermal aging. Bars of all five alloys were aged isothermally

at a temperature of 427°C for up to 10,000 h, air cooled, and then machined into test samples. Two
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of these alloys, 2101 and 2003 are considered lean grade alloys, while 2205 and 2209-w, are
considered standard grade alloys. The 2101-w matching weld metal is recommended for welding
wrought 2101 and 2003 but is over-alloyed to compensate for chemical segregation that occurs
during welding. The 2101-w composition is within the standard grade composition range. The
chemical compositions of all five alloys are shown in Table 1. The compositions of alloys 2101
and 2205 were provided by the alloy vendor’s certified material chemistries. Alloy 2003 chemistry
was determined by an independent testing company using methods specified in ASTM A 751-08
and ASTM E 1019-0. Two samples from each weld build-up of alloys 2101-w and 2209-w were
tested by an independent testing company using inductively coupled plasma atomic emission
spectroscopy and methods in ASTM E 1018-08. The chemistries from the two samples of each
alloy were averaged and reported in Table 1.

Table 1: Chemical composition of the five alloys studied (wt. %).

Alloy |Fe |Cr Ni | Mo |Mn | Si N C Cu

2101 Bal. | 21.49 | 1.54 | 0.21 | 5.00 | 0.79 | 0.21 | 0.029 | 0.30
2003 Bal. | 21.22 | 448 | 1.63 | 1.20 | 0.39 | 0.18 | 0.03 | 0.13
2205 Bal. | 22.44 | 5.69 | 3.11 | 1.80 | 0.42 | 0.17 | 0.020 | 0.43
2101-w | Bal. | 23.30 | 7.34 | 0.24 | 0.78 | 0.46 | 0.18 [ 0.02 | 0.14
2209-w | Bal. | 22.49 | 8.59 | 3.05 | 1.50 | 0.48 | 0.18 | 0.02 | 0.15

The ferrite region of each aged alloy was characterized with APT. Sample preparation, data
collection methods and the evolution of a-a’ phase separation are reported elsewhere [2, 3, 20-
22]. In this paper, we reanalyzed the data to obtain chemical information for the G-phase and
other precipitates. Proximity histograms were generated for each alloy using a 15 at.% Ni
isoconcentration surface to identify the surface of the precipitate. The surface was formed using
a0.5x0.5x0.5nm grid and 3 x 3 x 3 nm delocalization. The mass spectrum ranging was kept

the same for each sample.
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Slices for TEM sample preparation were cut from the aged DSS bars using a Buelher
IsoMet 1000 low speed saw. The samples were thinned to approximately 100 um thick foils
and one side was polished to a 1 um finish with an alumina suspension. Three-millimeter
diameter discs were punched from the foils and a Gatan 657 Dimple Grinder II was used to
dimple the discs, leaving approximately 15 um at the thinnest point. The dimpled samples were
ion milled to perforation using a Gatan PIPS II argon ion mill operated at 7 keV.

Bright field images, dark field images, selected area electron diffraction (SAED) patterns
and thickness maps were collected from ferrite grains using an FEI Titan operated at 200 keV.
The G-phase was identified in the SAED pattern as a secondary fcc phase with a cube-on-cube
orientation relationship with the bce ferrite and a lattice parameter roughly four times that of
the ferrite [17]. Energy filtered TEM (EFTEM) images were taken using a Gatan Imaging Filter
Tridiem and thickness maps were calculated from the total intensity image, elastic scattering
image, and the mean free path. The mean free path used in the calculation was the average of
the electron mean free path of each element [23] in the composition [4] of the ferrite, weighted
by its atomic percent.

An image processing pipeline was developed to extract quantitative measurements of the
apparent area fraction of the G-phase from the dark field images based on the image intensity.
The dark field images were first segmented into three phases: vacuum, ferrite, and G-phase. To
prepare images for segmentation, manually drawn masks were used to remove complicating
features, such as bend contours and grain boundaries. Simple histogram-based segmentation is
insufficient due to the non-uniform intensity of the G-phase and other phases caused by
heterogeneities in specimen thickness, local orientation, and chemical composition [16].

Instead, the random walker segmentation algorithm [24] was chosen to label pixels into the
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three phases. This algorithm requires user provided seed points for each phase. These were
selected by a manual threshold for the vacuum and the G-phase. The ferrite phase seed points
were what remained, with an unlabeled buffer region between all phases. The random walker
algorithm uses the seed points to label the pixels in the buffer region by solving an anisotropic
diffusion problem with sources at the seed points and the local diffusion constant increasing
with the similarity of adjacent pixels [24]. The segmentation resulted in small artifacts, so a
minimum cutoff size had to be chosen. Since 1.3 nm has been measured to be the critical radius
for the transformation of nascent G-phase solute clusters to crystallographically distinct
precipitates [ 18], it was chosen as the cutoff radius.

Thickness maps corresponding to the dark field images of the G-phase were extracted from
lower magnification thickness maps with a two-step image registration process. First, the
higher magnification dark field image was registered to a lower magnification overview dark
field image. Then, the lower magnification dark field was registered to the EFTEM thickness
map. This enabled a thickness map of the higher magnification dark field image to be extracted
from the lower magnification thickness map, avoiding the need to aligning two detectors to
precisely the same sample region.

The quantitative results were calculated based on the segmented higher magnification dark
field and the corresponding thickness map. For each precipitate in each segmented image, the
radius, 7, the roundness, R (used to calculate the error in ), and the centroid were calculated.
Each » was determined by the equal area circle for each precipitate, and R by equation (1) with
precipitate area A, and perimeter P. For a circle, the roundness is 1. The uncertainty in 7, Jr,
was calculated using equation (2). A spherical grain approximation with r as the radius was

used to estimate the volume of each precipitate, and or, the error in the volume.
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R = 4PA/P? (1)
orlr =1—R ()
The total G-phase volume, Vg was calculated by summing the spherical volumes.
Integration of the thickness map subframe, ignoring any manually masked regions, yielded the
total volume, ¥V, from which the G-phase volume fraction, V5/V, was calculated. The centroids
of each segmented precipitate were used to calculate the nearest neighbor distribution, its
median being the reported precipitate spacing, d. The precipitate number density, n, was
calculated using ¥ and the number of observed precipitates.

3. RESULTS AND DISCUSSION

Crystallographically distinct G-phase precipitates larger than the critical radius of 1.3 nm
were observed in dark field images in the 10,000 h samples of 2205, 2101-w and 2209-w, and
the 1,000 h samples of 2101-w and 2209-w. Visible G-phase precipitates were absent in 2003,
2101 at both 1,000 h and 10,000 h, and the 1,000 h sample of 2205. Alloys 2003 and 2101 have
the lowest nickel content of the five alloys chosen for this study and are the only two with no
G-phase present after aging for 10,000 h. Although 2101-w is the matching weld alloy for the
Ni-lean 2101, it is “over-alloyed” with nickel (see Table 1) to compensate for chemical
segregation during welding. For 2101, a secondary phase was present in the diffraction pattern
at 10,000 h. The lattice parameter and orientation relationship are inconsistent with the G-
phase. This secondary phase may be the nascent solute clusters only partially transformed into
the G-phase as discussed with the APT results. In 2003, no secondary phase was identified after
aging for 10,000 h. For the samples without visible G-phase precipitates there were no dark
field images to analyze, so the G-phase volume fraction was approximated as zero. Table 2

shows the measured lattice parameters (ar for ferrite, and ag for the G-phase) for the samples
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in which the G-phase could be unambiguously identified by its crystallographic features in
SAED patterns.

Table 2: Lattice parameter measurements based in electron diffraction pattern analysis for samples
that unambiguously contained the G-phase. The lattice parameters arand ag are for ferrite and the G-
phase, respectively, and have an estimated error of #0.01 nm. The expected ag/arratio is four [4].

Aged (h) | Alloy ar(nm) ag(nm) | ag/ar
10000 2205 0.29 1.18 4.1
10000 2101-w | 0.29 1.14 3.9
10000 2209-w | 0.30 1.28 43
1000 2101-w | 0.29 1.25 4.3
1000 2209-w | 0.29 1.26 4.3

Figure 1 shows a bright field/dark field image pair of 2101-w aged for 10,000 h with

distinct cubic G-phase precipitates.

Figure 1: Bright field (left) and dark field (vight) image pair of 2101-w aged for 10,000 h. The G-phase
precipitates are darker than the ferrite matrix in the bright field due to the higher local concentration of
nickel. The G-phase appears bright in the dark field because a G-phase reflection was used to form the
image. Figure SI of the Supplementary Material shows the SAED pattern associated with the dark field
image.

The low magnification dark field image in Figure 2 gives a broader overview of the

distribution and morphology of the G-phase in 2101-w specimens aged for 1,000 h and 10,000



Revision of submission to Materials Today Communications

h. The development of the G-phase in 2101-w between 1,000 h and 10,000 h is apparent by

comparison of images in Figure 2.

Figure 2: A low magncation dark field of 2101-w aged for 1,000 h (left) and 10,000 h (right). The
10,000 h dark field shows both austenite and ferrite grains. The austenite grains do not contain the G-
phase. Figures S2 and S1 in the Supplementary Material show the associated SAED patterns.

Dark field images for 2209-w aged for 1,000 h and 10,000 h are shown in Figure 3. A lower
magnification dark field for the 10,000 h sample giving a broader overview of the distribution of
the G-phase is shown in Figure 4. For this alloy, the G-phase forms chains of precipitates and
decorates the grain boundaries, a growth characteristic not observed in the other alloys. The

2101-w G-phase also forms in chains, though less so than 2209-w.

10
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Figure 3: Darl:f field iméges fom 20— a f(;r 1,000 h (left) and 10,000 h (vight) shown at the same

scale highlighting the coarsening of the G-phase. Figures S3 in the Supplementary Material show the
associated SAED.

Figure 4: A low magnification dark field of 2209-w aéd for 10,000 h. The G-phase is more developed
and forms longer chains at this aging time as compared to 1,000 h sample in Figure 3 (left). Figure S4 in
the Supplementary Material shows the associated SAED.

In 2205, the G-phase is more uniformly distributed than the other alloys, as seen in Figure
5. The thermal history and heterogeneities introduced by multi-pass welding likely contribute

to this difference in morphology of the G-phase between the welded samples and wrought

samples.

11
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Figure 5: A dark field image from 2205 aged for 10,000 h shows the G-phase distribution. Figure S5 in
the Supplementary Material shows the associated SAED.

From the dark field segmentation, the distribution of nearest neighbor distances and grain
roundness were calculated. Histograms of these quantities are shown in Figure 6. The relatively
uniform distribution of the G-phase in 2205 that is visually apparent in Figure 5 yields the narrow
distribution of nearest-neighbor distances in the histogram in Figure 6 (left). G-phase coarsening
is captured by the increase in median nearest-neighbor distance, d, with aging time, reported
quantitatively in Table 3, and in the histogram in Figure 6 (left).

The individual G-phase precipitates are relatively equiaxed in all specimens, with most
precipitates having a roundness >0.5 (or equivalently an aspect ratio <2), though they are aligned
in chains for some specimens, which suggests they are developing along planar defect or
dislocations in the ferrite, as observed by others [6, 25]. The histograms show an apparent decrease
in median roundness in both 2101-w and 2209-w between 1000 and 10,000 h of aging, however
the decrease in 2101-w is within the error of the measurements. Other researchers have found a

decrease in roundness with aging due to an increase in lattice mis-fit between the G-phase and

12
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ferrite with aging in DSS Fe20Cr9Ni [13, 19], which they attribute to a reduction in the strain
energy caused by the formation of plate-like morphology. Based on the ratios of lattice parameters
for 2101-w, which comes closer to an integer value of 4 between 1,000 and 10,000 h, an increase
in roundness might be expected, due to a decrease in misfit between the G-phase and the ferrite.
An increase in roundness would reduce the excess interfacial free energy. There is no change in
the G-phase:ferrite lattice parameter ratio for 2209-w between 1,000 and 10,000 h, but the
reduction in roundness with aging is more significant in 2209-w than 2101-w. Since the 1,000 h
and 10,000 h images are from different specimens, the change in roundness may be due to
microstructural variations within the specimen rather than a systematic change in particle
morphology with aging. However, the decrease in roundness may also be due the development
and coarsening of the G-phase on dislocations, in which case both effect of enhanced pipe diffusion
and energetic advantage of growing the precipitate along the defect would contribute to enhanced

growth in parallel to the direction of the line defect.
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Figure 6: Histograms of nearest-neighbor distances (left) and grain roundness (right), calculated using
quantitative image analysis as described in the methods section. The shift to greater spacing from 1,000 h
to 10,000 h for 2101-w and 2209-w samples is due to coarsening. There is a slight reduction in median
roundness with aging in 2209-w.
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Table 3 shows the total sample volume, V, and the G-phase volume fraction, Vg/V,
calculated from thickness maps and segmented dark field images. The intensity at any point of
a dark field image comes from the intensity of the diffracted beam used to form the image (as
indicated by the indexed arrow in each dark field image). Any G-phase precipitate that is not
oriented to diffract the select beam, will not have a high intensity in the image. This means the
reported volume fraction and number density measurements are lower bounds. For the 10,000
h samples, all precipitates are expected to be identified, but for the 1,000 h samples some
precipitates may have been missed [16].

Previously reported APT measurements of the volume fraction for identical samples [4]
were a few percent lower than the values reported here, which may be a consequence of the
smaller sample volumes observed. The uncertainty in the volume fraction decreases with
rounder precipitates, and it may be seen in reference to Figure 6 (left) and Table 3, that the
uncertainty for the 2101-w sample aged for 1,000 h, for example, is less than that for the 2209-w
sample aged for 1,000 h, consistent with the roundness distribution for 2101-w being closer to
one than 2209-w.

Table 3: Quantitative image analysis results for samples with unambiguous G-phase precipitates. d is
the median precipitate spacing, n the total precipitate number density, r the median precipitate radius,
V the observed volume, and Vg the observed G-phase volume. The uncertainty in r and d are the
standard error of the median, in n, the square root of the number of precipitates, and, in V, the
propagated error from the spherical grain approximation.

Aged (h) | Alloy d (nm) | n(1/m?) r (nm) V (m3) Ve (m?®) VeV
10000 | 2205 | 55(1) | 1.85(9)x 102 | 7.02) | 2x1020 | 9x1022 | 0.046(6)
10000 2101-w | 112(4) | 1.13(4) x 10?1 | 11.9(3) | 5% 107" 8 x 1072 0.015(2)
10000 2209-w | 99(6) 1.40(9) x 102! | 17.1(6) | 2x 107" 9x 10 0.05(1)
1000 2101-w | 75(16) | 7(1) x 102 725) |6x102 [1x102 | 0.0017(3)
1000 2209-w | 409) | 1.8(1)x 102 | 723) |6x102 [3x102 |0.0052)

The histogram of precipitate number density for a given precipitate radius is shown in

Figure 7, and the total number density, n, along with the median precipitate radius, r, is shown

14
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Figure 7: A histogram of number density for a given precipitate radius, calculated using quantitative
image analysis as described in the methods section.

in Table 3. Another effect of coarsening is captured by the increase in » between 1,000 h and
10,000 h of aging time. Previous work on identical samples [4] measured the G-phase
precipitate number density using APT and found it to be consistently higher than that reported
here by one to two orders of magnitude. This could be caused by the identification in the APT
analysis of solute clusters as G-phase based on chemistry rather than diffraction, which would
be missed from the precipitate count by the methods used here. It has long been recognized that
SAED based detection of G-phase may not detect the smallest precipitates, and thus will
underestimate volume fraction and overestimate average size [25]. In the same work [4], at
10,000 h, the 2101 sample was found to have an order of magnitude lower precipitate density
than the 2205 sample aged for 10,000 h. This is qualitatively consistent with the finding here
that the secondary phase is much less developed in 2101 than in 2205.

APT results were analyzed for the alloys showing some form of precipitates to characterize
the precipitate chemistry. Proximity histograms show the concentration of elements within the
precipitate (positive distance) and in the matrix (negative distances) shown in Figure 8. Atom

maps are also shown for visualization of precipitates and atom clusters. Figure 8a shows data
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for a sample of 2101-w alloy aged for 100 hours. The coarsening of the G-phase made it
difficult to capture a precipitate at longer times in the small volume of the APT tip. Figure 8b-
d are for alloys 2101, 2209-w and 2205, respectively, aged to 10,000 hours. No proximity
histogram is shown for alloy 2003 because there were no precipitates or clustering of atoms
apart from the a-o’ phase separation, which is described elsewhere [2, 21]. Atoms map for 2003

aged for 1,000 and 10,000 h are shown in Figure S6 in the Supplementary Materials.
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Figure 8: Proximity histograms with 15 at.% Ni isoconcentration surface and atom maps of a) 2101-w
after 100h aging and b) 2101, ¢) 2209-w and d) 2205 after 10,000h aging at 427 °C. The histograms and

atom maps have a shared color key shown in (c). The dimensions of each atom map are a) 53 nm X 177
nm, b) 74 nm x 92 nm, c) 84 nm x 106 nm, d) 61 nm x 76 nm.

The clusters in 2101-w 100 h (Figure 8a) consist primarily of Ni, Si, and Mn, in a ratio

consistent with the nominal composition of the G-phase, Ni,6S1;Tis, with a substitution of Mn

16
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for Ti [26] and thus correspond to the G-phase precipitates observed in TEM images. The
precipitates in 2209-w 10,000 h and 2205 10,000 h are relatively Si-poor compared to the 2101-
w and the expected G-phase composition but also contain several at% of Fe which may also
substitute in the G-phase [26]. The 2209-w specimen has a Mo-rich feature separate from the
G-phase. It appears larger than the G-phase precipitates, but no corresponding phase was
observed in either the TEM images or SAED patterns.

The Ni-containing clusters in 2101 aged for 10,000 h (Figure 8b) differs from the Ni-rich
precipitates in the three other specimens, in having a lower nickel content (= 30 at%) and a
relatively high copper content, which increases toward the center to almost 40 at%. The SAED
from the 2101 10,000 h TEM specimen (Figure S7 in the Supplementary Material) has a set of
faint diffraction spots separate from the ferrite phase, but do not match either the G- or other
candidate precipitate phases (e.g. the g-phase [27]). Dark field images formed with the faint
diffraction spots did not show a phase distinct from the ferrite, so no further TEM analysis,
such as EDS, was performed. Since the APT and TEM were performed on two separate
specimens and both experimental techniques characterize only small volumes, it is uncertain if
the copper-rich clusters observed in the APT correspond to the phase giving rise to the
unidentified spots in Figure S7. Clusters rich in copper and nickel in 2101 aged for 200 h at
475°C have been observed by TEM EDS and bright field imaging by Silva et al. [11]. They
called these clusters G-phase precursors, because no phase crystallographically distinct from
ferrite was detected by electron diffraction. Maetz et al. reported the development of Ni-Mn-
Si-Al-Curich clusters in 2101 aged 3,050 h at 420°C by APT characterization, while their TEM

SAED showed no evidence of the G-phase.
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The plot of G-phase volume fraction of the 10,000 h samples against equivalent nickel
composition, shown in Figure 9, suggests a positive correlation between the G-phase volume
fraction and total nickel equivalent composition. This is consistent with the expectation that lean
grade alloys form the G-phase less readily than those with higher nickel equivalent content. The
2101 and 2003 are the two alloys that did not form a crystallographically distinct G-phase within
10,000 h at 427°C; they both have the lowest nickel content of the five alloys compared (Table 1)

and the lowest equivalent (Figure 9).
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Figure 9: A plot of G-phase volume fraction against the sum of nickel equivalent elements (Ni,, = Ni + 35
C+ 20N+ 0.25 Cuin wt. %) [14] in the composition of each alloy. See Table 1. R’ = 0.62.

4. CONCLUSIONS

The G-phase was investigated in five alloys, 2101, 2003, 2205, 2101-w, and 2209-w, at two
different aging times 1,000 h and 10,000 h. The welded alloys, 2101-w and 2209-w, had
observable G-phase precipitates starting at 1,000 h. Of the wrought alloys, only 2205 had
observable G-phase precipitates after 10,000 h. Alloy 2101 showed evidence of a secondary
phase in the diffraction pattern after 10,000 h, while 2003 did not. Lean grade alloys 2101 and

2003 are both low in Ni content, making it less thermodynamically feasible to form G-phase.
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Alloy 2101 does have a higher Mn and Cu content than the other alloys, which has led to the
precipitation of a different secondary phase. The weld made with alloy 2101-w has a
concentration similar to that of the standard grade 2205 and 2209-w. All of these alloys formed
G-phase precipitates. This study further supports the hypothesis that lean grade alloys have
improved thermal stability over standard grade alloys and are better suited for long-term,
elevated temperature applications. Of the five alloys studied, alloy 2003 formed no G-phase or
other secondary precipitates and showed the least amount of hardening and a-a’ phase
separation [2, 21]. This alloy shows the most promise for elevated temperature applications but
the development of a matching lean grade weld wire is needed for practical implementation.
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