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ABSTRACT

Competing microstructural evolution mechanisms can exist simultaneously when duplex stainless
steels are operating for several decades in a high temperature service environment. Such
competition between different microstructural evolution pathways can be difficult to ascertain
using simple model alloy systems necessitating detailed microstructural analysis of phase
transformation mechanisms in complex alloys. Thus, duplex stainless steels with complex but well
understood chemistries were used to investigate the relative importance of different heterogeneous
nucleation sites — specifically, spinodal decomposition and Cu clustering — on Ni-Si-Mn
precipitation during thermal aging. Precipitation of Ni-Si-Mn particles in ferrite-bearing steels
during thermal aging and irradiation can greatly change mechanical properties. Using duplex
stainless steels with custom-modified compositions along with advanced microstructural
characterization and first-passage kinetic Monte Carlo simulations, it is revealed that while the
interface between Cr and Fe formed during spinodal decomposition can be a pathway for solute
diffusion, it is not a preferred site for Ni-Si-Mn precipitation. Instead, the presence of a higher
concentration of Cu leads to the formation of small Cu-rich clusters with high energy interfaces
that act as nucleation sites for Ni-Si-Mn particles. These results will inform predictive models for
the use of precipitation-hardened alloys for extended operation at high temperatures.
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1. INTRODUCTION

In complex, multicomponent structural alloys designed for operating at elevated temperatures for
extended periods of time up to several decades, there can be multiple phase transformation
mechanisms that can happen concurrently and potentially interdependently. Often, the
understanding of microstructural evolution pathways of simpler model alloys is used to predict the
behavior of more complex multicomponent alloys during such extended use in service[1-3].
However, the interdependencies among different microstructural evolution pathways may not be
observed in model alloys. The competition between these disparate but potentially concurrent
mechanisms of microstructural evolution needs to be understood at a near atomic scale resolution
to develop an efficient predictive model for microstructural evolution of these alloys. For example,
steel components with complex compositions in nuclear light water reactor (LWR) systems are
subjected to high temperature (270-350 °C) and/or radiation conditions. In order to improve LWR
sustainability and extend LWR lifetimes up to 80 years or more, predictive models are essential
for the microstructural and property evolution of these alloys over extended operation in these
conditions[4,5]. Multi-component alloys used in nuclear reactors like duplex stainless steels,
ferritic steels, reactor pressure vessel (RPV) steels, and high entropy alloys can have
microstructures that evolve through different mechanisms such as precipitation, co-precipitation,
and spinodal decomposition, resulting in deleterious properties[6—9].

In the ferrite phase of duplex stainless, ferritic, and RPV steels, thermal aging or ion/ neutron
radiation causes the nucleation and growth of Ni, Si, and Mn-rich precipitates, or the so-called
“late blooming phase”[10-14]. The nucleation and growth of these particles lead to a
corresponding growth in hardness of the ferrite phase, potentially causing embrittlement; thus, it
is important to understand what factors influence the precipitation of Ni-Si-Mn-rich particles. In
the low Cr RPV steels, mostly with tempered bainitic or martensitic structure, precipitation of Ni-
Si-Mn-rich particles during thermal aging at ~330-400 °C occurs as core-shell or appendage-
shaped particles with Cu-rich cores and Ni-Si-Mn-rich shells[15-18]. This occurs because Cu is
highly immiscible in Fe and Cr, but the interfacial energy of (Fe, Cr)-Cu is high; therefore, Ni (and
Si and Mn) reduce the interfacial energy of these Cu clusters[11]. This same phenomenon is found
in high Cr irradiated steels as well[18].

In high Cr ferritic steels or duplex stainless steels like cast austenitic stainless steels (CASS), it has
been widely presented that Ni-Si-Mn-rich particles precipitate primarily at the o/a’ interfaces
formed by spinodal decomposition during thermal aging at moderate temperatures and the
combination of which lead to mechanical property degradation[19—27]. Spinodal decomposition
is the spontaneous separation of a phase into two separate phases due to a miscibility gap in the
phase diagram[28]. The kinetics of spinodal decomposition can be enhanced by temperature or
composition, with increased temperature enhancing diffusion and additions of certain alloying
elements increasing the driving force for decomposition. During thermal aging below 475 °C in
high-Cr Fe-Cr alloys such as duplex stainless steels, the 6-ferrite decomposes into Fe-rich a-phase
and Cr-rich o’-phase due to the miscibility gap up to that temperature. This decomposition is
enhanced with additional Cr and with additions of alloying elements of Ni[29—-31] and Mo[32], as
these increase the immiscibility within the ferrite phase. Multiple researchers have determined that
precipitation of Ni-Si-Mn particles occurs at the interface between o and o’ because these elements
are rejected from these phases during spinodal decomposition where they precipitate when a



necessary concentration is reached[6,19,33,34]. In our previous work, Ni-Si-Mn-rich G-phase
(Ni;6Si;Mng) precipitates were observed at the a/a’ interfaces, but also had Cu-rich co-precipitates
attached[35,36]. These CASS alloys had elevated amounts of Cu in the ferrite phase (>0.2at%).
However, no studies have been done to determine the effects of elevated Cu on Ni-Si-Mn
precipitation in cast austenitic stainless steels or other high Cr (>20at%), high Ni (>5at%) alloys.
This work allows for the direct comparison with the low Cr but elevated Cu steels to determine
the interdependencies of these different mechanisms found in complex multicomponent alloys.

In this study, thermal aging up to 10,000 hours at 290-400 °C of two sets of two common CASS
alloys (CF8 and CF3) has been completed; these alloys are the cast equivalents of 304 and 304L
wrought stainless steels, respectively. Thermal aging without radiation was performed because
thermal aging is the dominant phenomena in these alloys in LWR coolant systems[37,38]. High
Cu and low Cu/ higher Cr/ Ni versions of each alloy were used to elucidate whether o/a’ interfaces
or Cu clusters produce more Ni-Si-Mn precipitation. The higher Cr alloys would have a larger
amplitude and wavelength of spinodal decomposition with aging but limited Cu clustering, while
the high Cu alloys would have more Cu clustering but less spinodal decomposition. Thus, the
relative importance of each can be determined. This study quantitatively evaluates thermal aging-
induced microstructural changes in the ferrite phase of the CASS alloys using atom probe
tomography (APT), which can resolve and quantify the degree of spinodal decomposition and
precipitation with high spatial and elemental resolution[39—41]. The APT results were compared
to first-passage kinetic Monte Carlo (FPKMC) simulations to elucidate mechanisms for
precipitation in these alloys[42]. The results presented here will increase the understanding of
precipitation in multi-phase alloy systems, and it will help determine which alloy designs and
compositions are least susceptible to thermal aging degradation.

2. MATERIALS AND METHODS
2.1 Materials and Thermal Aging

Four sets of CASS alloys are being evaluated for thermal aging degradation mechanisms and the
effect of alloy composition on these mechanisms. In this study, two sets of alloys, designated as
alloys A (CF3) and C (CF8) in Table 1, were cast into ~15 kg cylindrical ingots (~8 cm diameter
x ~35 cm long). No further heat treatment was applied. The other two alloys, designated as alloys
B (CF3) and D (CF8) in Table 1, were cast statically (alloy B) and centrifugally (alloy D) as part
of much larger castings. The compositions in atomic percent (or atomic ppm for carbon) are
presented in Table 1 as determined by Dirats Laboratories using inductively coupled plasma —
mass spectrometry (ICP-MS). While the alloy grades — CF3 and CF8 — are designated for a
maximum of 300 or 800 weight ppm respectively, we have adjusted the composition to reflect
atomic percent and ppm to stay consistent with analysis throughout this study. The compositions
of all four alloys are within the ASTM specifications for these grades. These compositions are of
the alloy, including both the matrix austenite phase and the ferrite phase. The compositions of each
phase will be weighted more heavily with elements that are austenite-stabilizers or ferrite-
stabilizers, respectively. Table 2 takes this into account and presents the average composition of
the ferrite phase as measured by APT reconstructions. The concentrations of Ni, Si, Mn, and Cu
are highlighted as they are the primary differences among the alloys that are known to be
incorporated into G-phase precipitates. Those elements along with Cr have a consistent difference



between the two sets of alloys — A and C have less Cr and Ni, and more Mn and Cu than alloys B
and D. While alloys A and C will be denoted as “high Cu” in much of this article, the amount of
Cu is still relatively low compared to other similar steels[15,16].

Table 1: Bulk alloy at% of four cast alloys (noted with their wrought equivalents) — C atom ppm
Sample | ¢ 0de | Fe | cr | Ni | si [Mn|cu| € | Mo| P
Alloy (ppm)

CF3
A (304L) Bal | 20.22 | 7.58 | 1.93 | 1.44 { 0.35 | 1196 | 0.19 | 0.05
CF3
B (304L) Bal | 21.76 | 8.92 | 2.14 | 0.89 [ 0.09 | 1002 | 0.08 | 0.04
CF8
C Bal | 19.70 | 8.31 | 2.47 | 1.10 { 0.25 | 3029 | 0.17 | 0.05
(304)
CF8
D Bal | 21.02 | 8.01 | 2.55 | 0.57 | 0.06 | 2683 | 0.17 | 0.05
(304)
Table 2: Ferrite composition (at%) of four cast alloys as measured by APT
Sample | o ge| Fe | cr | Ni Si | Mn | Cu | C | Mo | P
Alloy
A CF3 | 62.79 | 26.68 | 544 | 3.25 1.03 | 0.22 | 0.02 | 0.17 | 0.14
(304L) | £0.64 | £0.80 | £0.25 | £0.04 | £0.20 | £0.04 | +0.01 | £0.04 | £0.03
B CF3 | 5984 2983 | 635 | 265 | 0.85 [ 0.06 | 0.05 | 0.16 | 0.08
(304L) | £0.36 | £0.46 | £0.17 | £0.20 | £0.10 | £0.01 | £0.07 | £0.02 | £0.06
C CF8 | 62.54 | 26.81 | 549 | 3.27 1.05 | 0.22 | 0.02 | 0.19 | 0.15
(304) | £0.69 | £0.24 | £0.15 | £0.07 | £0.26 [ £0.04 | £0.01 | £0.07 | £0.05
D CF8 | 60.11 | 29.05 | 6.18 | 338 | 0.59 | 0.06 | 0.03 | 0.33 | 0.16
(304) | +0.47 | £0.42 | £0.02 | +0.02 | +0.02 | £0.00 | +0.04 | +0.01 | +0.01

The alloys have been aged at four different temperatures in four large muffle furnaces (MTI Co.
Model KSL-1200X-L). The chamber temperatures are controlled by UDIAN programmable
controllers at an accuracy of <1 °C using K-type thermocouples; the spatial temperature variation
within chamber is £5 °C. Aging temperatures were set at 290, 330, 360, and 400 "C. At this point
in the long-term study, sets of material have been retrieved from the furnaces after 1,500 and
10,000 hours of aging. These aging treatments were chosen to produce a range of conditions giving
the under-aged (for the lower aging temperatures) and over-aged conditions (for the highest aging
temperature and time) for the alloys when compared to LWR service conditions for 60 to 80
years[5].

2.2 Microstructural and Elemental Characterization

Scanning transmission electron microscopy (STEM) and APT were used to characterize the
microstructural evolution and elemental distribution of the alloys. STEM was conducted on an
aberration-corrected JEOL ARM200F TEM/ STEM with bright field (BF) and high angle annular
dark field (HAADF) micrographs obtained in STEM mode. As will be shown in the results,
quantitative and qualitative information were difficult to achieve with the large number density of
particles in these samples and for determining the interplay among the Ni-Si-Mn particles, spinodal
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decomposition, and Cu clustering. Thus, APT was used to do this; it was performed on a Cameca
LEAP 4000XHR using voltage mode with a pulse fraction of 20% and detection rate of 0.005
atoms/pulse, pulse repetition rate of 200 kHz while maintaining needle specimen temperature at
45 K.

STEM and APT specimens were thinned/ sharpened using the focused ion beam/ scanning electron
microscope (FIB/SEM) (FEI Helios NanoLab 660 or FEI Quanta) annular milling technique with
lift-outs centered in the ferrite phase and placed on 6x6 Si micro-tip arrays[43]. Ga-ion damage
was minimized using low voltage (2 keV) and low current final sharpening. Reconstructions and
analyses for APT were performed using Cameca’s Integrated Visualization and Analysis Software
3.8.2 (IVAS) using standard techniques that include radial distribution functions (RDF) and
isoconcentration surface-based cluster analysis[43—45]. Similar mass/ charge range files with only
minor adjustments between reconstructions were used to reduce potential artefacts in
compositional analyses among the various samples. The tip profile reconstruction method was
used for determining the initial radius of the reconstruction using high resolution SEM images of
the final tip. A fixed image compression factor of 1.66 was used as no clear pole locations were
found within the field ion micrographs. Global background subtraction was used for determining
composition. Peak overlaps were considered but determined to have a minimal effect for the
purposes of this study. Only 0.3% of natural abundance Fe (*3Fe) has an overlap with the majority
Ni isotope, >*Ni. *Fe does have an overlap with **Cr, but the comparison of natural relative
abundances relative to peak height matched it with Fe more so than Cr. Also, the relative
abundance of these two isotopes is small. 28Si with a 1+ charge state does overlap significantly
SFe in the 2+ charge state; however, only the Si 2+ charged states were used for Si as the natural
abundances for each set of 2+ charge state peaks, for Si and Fe respectively, matched well. Another
overlap is the peak at 32 Da, where the ®*Ni 2+ peak overlaps with the Mo 3+ peak. Relative to
the natural abundances of the other isotopes, this peak was found to be mostly Ni. Also, the
majority of Mo is found in the 2+ charge state.

Cluster analysis was done based on equivalent aging time, t, at a LWR relevant temperature of 320
°C using the following equation:

t= to(x(555— 1)) (1)

Where t, is the actual aging time at temperature, T; Q is the activation energy; and R is the gas
constant. Prior research has described the activation energy for both spinodal decomposition and
G-phase precipitation as being approximately the same at 243 +80 kJ/mol for temperatures
between 320 °C and 400 °C[25,37,46,47]. In this study, we will use the bottom end of that range
using 160 kJ/mol. While it is on the low end of previous research, it is a usable value for the basis
of this study as it best fits the data. All the data will also be plotted in the supplemental material
using 243 kJ/mol for comparison. Future work that includes longer term aging will investigate the
actual activation energy value for G-phase precipitation compared to spinodal decomposition.

RDF analyses of individual elements in APT data can offer great insights not only to the degree
with which the elements segregate but also to which other elements they most strongly interact[45].
RDF analysis provides an average radial concentration around each atom in the APT
reconstruction data for a particular element as a function of radial distance from the center atom.
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This average radial concentration profile for each element, when divided by the average bulk
concentration of that element, provides the bulk normalized concentration plots. A value of 1 for
bulk normalized concentration corresponds to a random distribution or no correlation with the
designated element. A value above 1 indicates attraction with the “center atom” element. A value
less than 1 indicates a repulsive interaction with the designated element. “X-Cr” RDF plots are
used for analyzing spinodal decomposition, where “X” signifies a given element relative to the Cr
“center atom”.

For spinodal decomposition, the Cr-Cr (Cr concentration relative to Cr atoms) RDF plots for each
alloy at each aging temperature and time enables us to quantify the extent of spinodal
decomposition in the different alloys by determining the compositional amplitude and spatial
wavelength of decomposition[45,48]. The Cr concentration is assumed to be a sinusoidal wave
function with a wavelength A, and position vector defined along with the compositional amplitude
fluctuation A calculated using the bulk normalized concentration in the Cr-Cr RDF value at a
distance of 0 nm (RDF(0nm)) using the following equations:

2

2

£ = Co+3sin (7)) )

A = C2(RDF(Onm) — 1) 3)

where C,is the bulk Cr composition of the atom probe reconstruction[49]. The spatial wavelength
is captured by the distance of a second peak in the Cr-Cr RDF plot. This second peak specifies a
statistically nearest distance between two Cr-rich regions in three-dimensions, and thus in this
case, indicates the wavelength of the spinodal decomposition[45,48]. RDF analyses were also
carried out on all the major elements — Fe, Cr, Ni, Si, Mn, and Cu. While a wavelength between
particles cannot be ascertained, the degree of interaction between elements can be quantified using
the Onm value (or “amplitude”) and thus help determine the mechanisms for clustering. Error in
RDF values were determined using point counting statistical propagation of error. As will be
shown, these error values are small.

Cluster analysis in APT data is a classic unsupervised machine learning problem, and like many
other problems in this category, it lacks a clear metric/loss function to define a quality of prediction
or a confidence level of the result. In this study, we employed the isoconcentration surface (or
isosurface) method for Ni-Si-Mn and Cu clusters identification[50]. It is a simple yet widely used
technique to identify clusters by constructing a constant concentration surface based on local solute
concentration, and the enclosed ions are identified as a cluster. This technique has great flexibilities
and need only one user input as concentration threshold. Like many other methods for
unsupervised machine learning problems, parameter selection can be subjective. In many cluster
analyses for APT, the de facto rule of thumb is that identified clusters should be matching human
visualized inspection as much as possible. The concentration threshold is kept constant for all
datasets since we are interested in the cluster size evolution, which is directly affected by the
threshold choice. However, the selection of parameters may lead to some uncertainties for cluster
identification in low aging temperature or low effective aging time datasets. This is due to some
clusters having much lower solute concentration in these conditions. However, we believe the



corresponding volume fraction trend is preserved despite the minor uncertainties. A direct
comparison between two concentration thresholds are shown in supplementary Figure S6.

In addition, we can see that the uncertainties are small by comparing values with STEM
micrographs and comparison with the OPTICS-APT method for cluster analysis[51] as discussed
in section 3. The OPTICS-APT method is based on reachability distance, which is an inverse
analogue to local atomic density. It is designed to overcome issues with using a global density
threshold and is capable to detect clusters of varying densities using one set of parameters. The
maximum search distance € is set to 2 nm, which is large enough to ensure all atoms are considered
potential cluster atoms. The lower bound for cluster solute atoms, MinPts, is set to 50, which is
typical value for cluster of this size and solute concentration. A post-processing parameter, the
background reachability distance, ry,, is set to 2-2.5 nm, depending on datasets. The value can be
easily determined by the user through investigating the corresponding reachability distance
histogram, which is likely a bimodal distribution, to separate data and background. While the
OPTICS-APT method can properly identify clusters, it was not used as the sole clustering method
because it does not accurately provide cluster volume. Thus, it was combined with the
isoconcentration surface method.

2.3 Simulation of Ni-Si-Mn Precipitation

Simulation can help provide additional insights into the mechanisms of precipitation behavior. In
this work, we assume that the precipitation of the Ni-Si-Mn particles occurs due to the diffusion
of the component species over long aging periods, during which regions occasionally reach a
critical composition and particle nucleation occurs[21]. In order to establish whether segregation
to the Cu-ferrite interface can significantly influence such a process, we must simulate this
behavior using an approach that accounts for the random diffusion of these elements. FPKMC
techniques have recently been employed by several authors to evaluate the propagation and self-
organization of defects and species[49,52—55]. The main premise of this method is that diffusion-
reaction processes can be efficiently simulated by considering the diffusing defects or species as
Brownian particles. Each “walker” updates its position on the basis of a time-dependent Green’s
function, and the clock only advances from the motion of each subsequent walker outside of its
“protected region”, in which we assume there the walker does not interact with other walkers or
the microstructure. Modeling diffusion in this way avoids calculations involving the motion of
particles within each protected region. This is advantageous over molecular dynamics and lattice
kinetic Monte Carlo methods, which can accurately predict atomic structure and morphology of
the precipitates[11], but must consider every possible atomic “jump”, which can be
computationally expensive. It is important to point out that while this method does not account for
other known influences on Ni-Si-Mn cluster precipitation, such as clustering at interfaces and the
effects of species migration during spinodal decomposition, this method can evaluate the likely
precipitation behavior for a region in bulk with a given composition, which allows us to predict
for that composition the effects of Ni, Si, and Mn segregation to Cu precipitates.

Therefore, assuming the diffusive behavior of each species is approximately a three-dimensional
random walk, the time at which a diffusing atom exits its protected region with width rgn. — Tsare
tep, can be expressed as:



(Tfinal - Tstart)z
trp =1t T —— 4
FP start 6Dspecies M2 ( )

In this equation, ty.y 1s the time at which the previous jump occurred, Dgpecies 15 the diffusion
coefficient of the atomic species, and M is a random number sampled from the standard normal
distribution. Values of Dgpcics Were approximated from literature, as listed in Table 2.

Table 3. Diffusion coefficients of species

Parameter Value Source
Dni, Dsi, Dvin 7.90x10-23 m?/s [56-60]
D¢y 3.95x10-17 m?/s [61]

In order to implement this method for the simulation of Ni-Si-Mn precipitate formation, Ni, Si,
Mn, and Cu species were allowed to migrate as though in a three-dimensional random walk.
Several different reaction types were allowed in simulation. In the first, six Cu atoms in proximity
would form a precipitate (6Cu — 6Cup,). While it is possible that additional Cu atoms in close
proximity may be necessary for a stable Cu precipitate to form, preliminary simulations
determined that Cu precipitates formed in similar number densities and volume fractions observed
experimentally when the requirement for clustering was six Cu atoms. Since the main purpose of
these simulations was to study the effect of Ni, Si, and Mn to the Cu precipitates and not the Cu
precipitation kinetics, this was accepted as a reasonable facsimile for Cu precipitation. For the
purpose of these simulations, it was assumed that nucleation of the Ni-Si-Mn particles would
require critical concentrations of Ni, Si, and Mn. Therefore, in the second reaction, a critical
composition of Ni, Si, and Mn would form a precipitate (67Ni + 15Si + 29Mn — 67Nip, + 15Sip,
+ 29Mnp,). This composition was selected in order to reflect the critical composition for nucleation
identified by Matsukawa et al. [21] over a radius of 1.15 nm. Third, Ni, Si, and Mn were allowed
to segregate to the ferrite/Cu interface (Ni/Si/Mn+ 20CuPr — NiCu/SiCu/MnCu + 20CuPr). In
order to evaluate the impact of such an effect on Ni-Si-Mn precipitate formation, these reactions
were disallowed in a second set of simulations. Finally, precipitated species could occasionally
return to solid solution (Ap, — A) with an escape time (Zg,; — tsix) Sampled from an exponential
probability distribution, as described in equation (5).

UExit — CStart = — IBSpeciesln (1 - T) (5)

Here, r is a random number between 0 and 1. Atoms in a precipitate, therefore, can re-enter the
solid solution after a mean passage of time Bspecics» Which allows for particle coarsening. Because
we have no experimental data from which to base such a parameter, we have assumed By; = Bs; =
Byn = 2300 hours. Since from literature we believed that Cu diffusion was considerably more rapid
than Ni, Si, or Mn diffusion, we assumed B¢, =230 hours. The simulations were run on a 57.4 nm
X 57.4 nm x 57.4 nm microstructure for annealing periods of 1,500 and 10,000 hours at aging
temperatures of 400 °C, 360 °C, and 330 "C. The compositions of Ni, Si, Mn, and Cu were selected
to match compositions of each of the ferrite samples. At the end of each simulation, the final
microstructure was evaluated for the presence of Ni, Si, Mn, and Cu rich regions.

3. RESULTS



3.1 Thermal aging-induced nanoscale precipitation

Thermal aging of duplex stainless steels and ferritic steels induces multiple microstructural
changes within the ferrite phase: spinodal decomposition, precipitation of Ni-Si-Mn-rich particles,
and precipitation of Cu-rich clusters[36]. Here we used STEM and primarily APT to investigate
qualitatively and quantitatively how the presence of a/a’ decomposition and Cu clusters affect the
precipitation of Ni-Si-Mn particles. The STEM BF images in Figure 1 show the ferrite phase of
the high Cu CF3 alloy (alloy A) aged at 400 °C for 1,500 hours (1a), 360 °C for 10,000 hours (1b),
and 400 °C for 10,000 hours (1d), and the low Cu CF3 alloy (alloy B) aged at 360 °C (1c) and 400
°C (1le) for 10,000 hours. A fine distribution of nanoscale Ni-Si-Mn-rich particles are seen in each
alloy at each condition with the alloys aged at 360 °C having smaller particles but a larger number
density. At 10,000 hours at 400 °C, it appears the number density of precipitates in the low Cu
alloy (1e) is less than the number density of precipitates in the high Cu alloy (1c). However, it is
difficult to determine with high accuracy the particle volume fraction and number density, as well
as it being difficult to ascertain any relationship between the particles and Cu clusters or spinodally
decomposed interfaces. Further, determining the extent of precipitation in the early stages of
thermal aging is even more problematic. This is particularly the case due to the projection issues
of a 3D object with varying thickness onto a 2D plane in STEM imaging. Thus, APT analyses
were used extensively to overcome these issues.




Figure 1: STEM BF images of the ferrite phase. (a) Alloy A aged for 1,500 hours at 400 °C; (b)

Alloy A aged for 10,000 hours at 360 °C; (c) Alloy A aged for 10,000 hours at 400 °C; (d) Alloy

B aged for 10,000 hours at 360 °C; and (e) Alloy B aged for 10,000 hours at 400 °C. Dark spots
are the Ni-Si-Mn precipitates.

The extent of these microstructural changes as a function of aging temperature and time can be
observed by the APT reconstructions shown in Figure 2 for the high Cu CF3 (alloy A). Similar
plots of the low Cu CF3 alloy (alloy B) are shown in the supplemental material (Figures S1). These
plots depict the spatial variation of elements within a 10nm thick slice of the reconstructions. Fe
(not shown) and Cr separate from each other to greater levels with increasing aging temperature
and time as shown in the point cloud reconstruction of Cr in column A. The G-phase forming
elements — Ni, Si, and Mn — as shown in the point cloud reconstruction in column B and the 2D
concentration plot in column C, group together at temperatures of 360 °C and 400 °C after 1,500
hours of aging, but after 10,000 hours of aging, they are also observed at 330 °C while increasing
in number density up to 360 °C and size up to 400 °C. Both spinodal decomposition and G-phase
precipitation are observed for both alloys (low and high Cu CF3) at 330 °C, but even more so at
360 °C and above. Column E shows the visualization of Ni-Si-Mn clusters found via the OPTICS-
APT algorithm, and columns F and G show the visualization of Ni-Si-Mn clusters using 15% and
20% isosurfaces, respectively, as described in section 2.2. Comparing columns F and G with
columns B, C, and E, the 15% isosurfaces (column F) match visually much better than the 20%
isosurfaces, particularly at lower aging conditions such as 10,000 hours at 330 °C and 1,500 hours
at 360 °C. Thus, 15% isosurfaces are used for quantifying Ni-Si-Mn clustering for all aging
conditions. There is no Ni-Si-Mn and Cu clustering at 290 °C, so it was not included. However,
with increased aging temperature, it is readily apparent that the Cu clusters, while initially
overlapping with the Ni-Si-Mn clusters, become offset as appendages to the Ni-Si-Mn-rich
precipitates based on the Cu 2D concentration plot and isosurfaces in columns D and H,
respectively.
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(A) (B) €) (D) (E) ® (G) (H)
Ni-Si- Ni-Si-Mn  Ni-Si-Mn  Ni-Si-Mn Cu
20 nm Cr  Mn-Cu_ Ni-Si-Mn Cu OPTICS 15% 20% 1%

CF3 1
High Cu
10kH
400 °C

CF3
High Cu
10kH
360 °C

CF3
High Cu
10kH
330 °C

CF3
High Cu
1.5kH
400 °C

CF3
High Cu
1.5kH
360 °C

CF3
High Cu
1.5kH
330°C

Figure 2: APT reconstructions for ferrzte in Alloy A (High Cu CF3) aged for 10,000 and 1,500
hours at the three different aging temperatures. Regions are 10nm thick. (A, B) Point cloud
reconstructions using Cr atoms and Ni-Si-Mn-Cu atoms, respectively. (C, D) 2D concentration
contour plots for Ni-Si-Mn and Cu, respectively. (E) Ni-Si-Mn clusters identified by the OPTICS-
APT algorithm. (F, G) Isoconcentration surfaces of Ni, Si, and Mn atoms at 15 at% and 20 at%,
respectively. (H) Isoconcentration surfaces of Cu atoms at 1 at%.

The formation of Ni-Si-Mn/ Cu co-precipitates was further analyzed using 2D concentration
contour plots of slices through Ni-Si-Mn and Cu precipitates in Figure 3 to determine exactly how
these precipitates form as a function of thermal aging temperature. At 290 °C, Cu-rich clusters
form; it is clear in Figure 3 that the cluster is enriched in Cu and slightly enriched in Ni though it
is not centered on the Cu cluster, and there is no enrichment at all of Si or Mn. At 330 °C, Ni, Si,
and Mn group together with the Cu to form a homogenous cluster. At 360 °C, Ni-Si-Mn-Cu
particles grow and partially begin to form co-precipitates with Cu being rejected from the Ni-Si-
Mn; in particular, Ni and Si are off-center from the Cu. Finally, at 400 °C, the Ni-Si-Mn
precipitates have grown considerably, and the Cu clusters are attached as an appendage.
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Figure 3: 2D concentration contour plots through either a Cu cluster or a Ni-Si-Mn/ Cu co-
precipitate in the high Cu CF3 alloy (alloy A) after 10,000 hours of aging at each aging
temperature. Dotted circles outline the location of the Cu-rich regions to help highlight if Cu is
separate or incorporated with Ni-Si-Mn. Each panel region is Inm thick and 15nmXI15nm

3.2 Mechanistic understanding of precipitation-site competition
3.2.1 Experimental evaluation by quantitative atom probe tomography analyses

The large difference in Ni-Si-Mn and Cu clustering between the high and low Cu alloys were
quantified using 15 at% Ni-Si-Mn and 1 at% Cu isosurfaces to determine the cluster volume
fraction, number density, and average diameter as a function of equivalent aging time at 320 °C
using an activation energy of 160 kJ/mol and alloy type, see Figure 4. For comparison, isosurface
data for 20 at% and 25 at% are found in the supplemental material (Figures S4, S5, and S6.) In
addition, the 15 at% isosurfaces also match well with analysis conducted using the OPTICS-APT
algorithm[51], with comparison of them with respect to the solute fraction within the clusters found
in the supplemental material (Figure S7).

There are two clear trends in the volume fraction and number density figures for both Ni-Si-Mn
particles and Cu clusters. The CF3 alloys, which nominally have less carbon, have more overall
clustering than the CF8 alloys. This is consistent with previous work by the authors that focused
just on the high Cu alloys, where CF3 had more precipitation than their CF8 counterpart[36]. The
other trend that is more pertinent to this study is that the high Cu (but lower Cr) alloys — both CF3
and CF8 — have more precipitation of both Ni-Si-Mn particles and Cu-rich clusters at elevated
aging temperatures than their low Cu, higher Cr counterpart alloys. Clustering begins at an
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equivalent aging time of ~2.0 years (using 160 kJ/mol) for all alloys, but it starts increasing at a
greater rate in the high Cu alloys than in the low Cu alloys.

The trends are even more stark with respect to Cu-rich clusters. While the trend in volume fraction
and number density of Cu clusters is similar to that of the Ni-Si-Mn particles with respect to the
carbon concentration (CF3 vs CF8), the difference in Cu clustering is many times greater in the
high Cu alloys than the low Cu alloys. The number density of Cu-rich clusters is at least an order
of magnitude higher in the high Cu alloys during all equivalent aging times. This large disparity
in Cu clustering is the primary reason for the disparity in the amount of precipitation of Ni-Si-Mn
particles among the alloys, and not the level of spinodal decomposition, which we show has an
inverse trend among the alloys.
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Figure 4: Ni-Si-Mn-rich cluster and Cu-rich cluster (a, b) volume fraction, (c, d) number density,
and (e, f) average diameter using 15 at% isosurfaces for Ni-Si-Mn and 1 at% isosurfaces for Cu,
respectively, for each alloy versus equivalent aging time at 320 °C using an activation energy of

160 kJ/mol

Radial distribution function (RDF) analyses further elucidate the relative importance of Cu clusters
on Ni-Si-Mn precipitation as opposed to spinodal decomposition. The Cr-Cr radial distribution
function plots in Figure 5 quantitatively show that the amplitude and wavelength of spinodal
decomposition is much higher in the higher Cr and Ni alloys (low Cu) — alloys B and D. This is
the case for both the CF3 and CF8 sets of alloys. Generally, the concentration of Cr, Ni, and Mo
has the strongest effect on the degree of spinodal decomposition[25,35,36,62]. This is confirmed
in the “X”-Cr RDF amplitude plots in Figure 6, where Cr has a strong attraction to other Cr atoms,
and Ni has a strong repulsion to Cr atoms. The Cr-Cr and Ni-Cr plots show the higher Cr and Ni
alloys (alloys B and D) have the greater attraction/ repulsion at all elevated aging temperatures.
The interaction of Si and Mn with Cr is minor, but it is noticeable that there is an inflection point
particularly in the Mn-Cr plot at an equivalent aging time of ~8.9 years for 160 kJ/mol at 320 °C
(360 °C for 10,000 hours), which is at the same equivalent aging time that the Ni-Si-Mn-rich
particles greatly increase in volume fraction (Figure 4). Of note, the alloys with higher extents of
spinodal decomposition have less Ni-Si-Mn precipitation, see Figure 4.
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Figure 5: Radial distribution function plots of Cr atoms relative to Cr atoms for CF3 and CF8
high and low Cu alloys as a function of aging temperature after 10,000 hours of aging. RDF
plots the bulk normalized concentration of an element vs distance from an atom of a given

element (in this case Cr).
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Figure 6. Bulk normalized concentration of Fe, Cr, Ni, Cu, Si, and Mn at an average Cr atom
for each alloy as a function of equivalent aging time at 320 °C using an activation energy of
160 kJ/mol. The black dashed line at a value of 1 is there for reference; 1 equates to

homogeneity.

Radial distribution function analysis of Ni atoms serves to determine elemental interactions that
result in the precipitation and growth of Ni-Si-Mn G-phase particles as Ni constitutes more than
half of G-phase (Ni,,S1;Mng) — see supplemental material Figure S11 for approximate composition
of Ni-Si-Mn clusters with aging. While the “wavelength” or distance between precipitates cannot
be determined using RDF analyses, the RDF “amplitude” or bulk normalized concentration at Ni
atoms does show the interactions each element has with Ni. As established in Figure 7, Ni
segregates away from Fe and Cr with increasing aging temperature, while at the same time it
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correlates with Ni, Si, Mn, and Cu. The high Cu alloys and low C alloys have the most segregation
compared to the low Cu alloys and high Cu alloys. The big jump in concentration of Ni, Cu, Si,
and Mn near Ni atoms occurs from an equivalent aging time at 320 °C using 160 kJ/mol of ~2.0
years to an aging time of ~8.9 years. This corresponds with the increase in Ni-Si-Mn cluster
volume fraction in all alloys in Figure 4. These jumps are largest in Cu and Mn relative to Ni,
whereas Ni and Si are more muted. The change in concentration of Cu near Ni atoms (Cu-Ni) with
aging temperature/ time has by far the greatest difference between the low and high Cu alloys
compared to the other elements relative to Ni atoms. This information, combined with the
precipitation data in Figure 4, shows that the larger Cu concentration likely enhances the
precipitation of the Ni-Si-Mn precipitates.

To further show that the presence of additional Cu promotes precipitation of Ni-Si-Mn precipitates,
RDF analysis relative to Cu atoms of the four alloys is used, see supplemental material Figure S12.
The RDF amplitude of elements relative to Cu follows similar trends to those relative to Ni, but to
a greater degree with respect to Ni, Mn, and especially Cu. The high Cu alloys and CF3 alloys
have the most segregation compared to the low Cu alloys and CF8 alloys.
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each alloy as a function of equivalent aging time at 320 °C using an activation energy of
160 kJ/mol. The black dashed line at a value of 1 is there for reference; 1 equates to
homogeneity.

3.2.2 Importance of species segregation modeled by first-passage kinetic Monte Carlo simulation

FPKMC simulations of aging indicate that Cu promotes the formation of Ni-Si-Mn precipitates. It
can be seen in Figure 8 of alloys A and B (C and D in supplemental material Figure S16) that when
Cu content is elevated to 0.22% from 0.06%, the predicted number density and volume fraction of
Ni-Si-Mn precipitates increases significantly. It is noticeable in our simulations that Cu clusters
appear to increase in number density with increasing Cu content. The volume fraction of Cu
clusters also increases significantly with increased Cu content. This is in reasonable agreement
with the experimental APT results. Additionally, Ni-Si-Mn-rich clusters do not form when Ni, Si,
and Mn have no preference for segregation to the Cu-ferrite interface. This suggests that this
segregation has an influence on the formation of the Ni-Si-Mn particles, and that the Cu-ferrite
interface is a very strong interface for precipitation. Future simulation work will more closely
examine the influence of the segregation of each individual species on Ni-Si-Mn cluster formation.
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Ni, Mn, Si
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Figure 8: Composition of ferrite in alloys A and B after 10,000 hours of aging at 400 °C, as
simulated using the FPKMC method, either allowing or disallowing Ni/Cu segregation.



It is visually apparent that from FPKMC simulation that Ni-Si-Mn cluster formation increases
considerably with increasing temperature. Figure 9 for alloys A and B (supplemental material
Figures S16 and S17 for alloys C and D), which shows the content of each species after 10,000
hours, reveal a considerable amount of segregation of Ni, Si, and Mn around the Cu precipitates
at 400 °C, as shown in Figure 8. This segregation around Cu clusters is considerably less at 330
°C, as expected when comparing to the APT data in Figures 2 and 3. The number of Cu precipitates
present also appears to have decreased, especially in alloy B, where Cu content was lower. This is
consistent with measurements of Cu volume fraction in Figure 4. An analysis of the Ni-Si-Mn
cluster volume fractions, number densities, and diameters, shown in supplemental material
(Figures S18 and S19) shows similar trends to those that have been calculated from APT
measurements. However, the extent of precipitation at 330 °C and 360 °C appears to be somewhat
less than that observed by APT. This suggests that the effects of spinodal decomposition, which
would result in additional sites for Ni-Si-Mn cluster precipitation and addition migration of Cu,
Ni, Si, and Mn, may have a stronger effect on the precipitation behavior at these temperatures.
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Figure 9. Composition of ferrite in (a) alloy A and (b) alloy B after 10,000 hours of aging at 330
°C, 360 °C, and 400 °C, as simulated using the FPKMC method, allowing segregation to Cu
precipitates.

4. DISCUSSION

Complex, multicomponent alloys like these duplex stainless steels allowed us to investigate
interdependent mechanisms for precipitation. Using duplex stainless steels with modified
composition along with APT analysis of microstructure and FPKMC simulation, we were able to
determine the chemical and structural characteristics that promote or hinder precipitation of Ni-Si-
Mn-rich particles in the ferrite phase of duplex stainless steels during thermal aging. Ni-Si-Mn
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precipitation and co-precipitation with Cu is of great interest in RPV and ferritic steels as it is seen
as a detriment to properties[63]. However, the relative influence of small amounts of Cu on
precipitation in high Cr and high Ni steels is not fully understood. Two competing explanations
from prior research in duplex steels and ferritic/ RPV steels were considered: precipitation at the
interface of Fe-rich a and Cr-rich o’ that forms during spinodal decomposition[64] and co-
precipitation on Cu-rich clusters[11]. We showed that both do take place, but that the effect of Cu
is much more pronounced, and the presence of even a small concentration of Cu serves as a large
driving force for precipitation of Ni-Si-Mn precipitates. Some of the key findings include:

e Cu clusters appear to form first at the early stages of spinodally decomposed Fe-Cr
boundaries, even at 290 °C after 1,500 and 10,000 hours of aging.

e Ni and Mn atoms are the first to segregate to the Cu clusters, followed by Si atoms with
increasing aging temperature and time.

e As the Ni-Si-Mn particles grow, the Ni, Si, and Mn segregate from Cu atoms but remain
in contact as co-precipitates.

e Even in the low Cu alloys, there is some Cu enrichment in the Ni-Si-Mn particles and/or
Cu co-precipitation with Ni-Si-Mn particles.

The o/a’ interface formed during spinodal decomposition only moderately promotes precipitate
nucleation. Despite forming in local Cr and Fe concentration minima and having similar Ni, Si,
and Mn concentrations, the additional Cu in the higher Cu alloys serves as the best seed for
nucleation of more Ni-Si-Mn precipitates compared to the low Cu alloys. If the o/a’ interface
served as a better location for precipitation of Ni-Si-Mn precipitates, the higher Cr alloys B and D
would have more precipitation, but the opposite is the case. Future research on high Cu, higher Cr
alloys and low Cu, lower Cr alloys is needed to fully deconvolute these effects, but the relatively
small difference in Cr concentration among the alloys and the prevalence of Ni-Si-Mn/ Cu co-
precipitates in low Cr RPV steels lends strong credence to our conclusions.

In the higher Cu alloys, Cu is the first to form clusters after only 1,500 hours of annealing at 290
°C. This behavior is reasonable to expect, as Cu is strongly immiscible with Fe and Cr, among
many other elements[28,65]. At 330 °C and higher aging temperatures, Ni, Mn, and increasingly
Cu segregate out of the Fe and Cr rich regions to the boundary between the two. Especially at low
aging temperatures, this boundary is quite diffuse as seen in Figure 2 and the 2D concentration
contour plots in the supplemental material (Figure S3) and previous research[35,36,66], as even in
the as-cast state, there is some minor variation in local Fe and Cr content. These variations grow
with increased aging temperature and aging time. The boundary between Fe and Cr could serve as
a pathway for enhanced diffusion of other elements[25,61], just as grain boundaries and
dislocations enhance localized diffusion[67]. The emission of other atoms (Ni, Mn, Cu, and Si)
increases with increasing aging temperature as the Fe and Cr rich regions become purer and the
interface between the two regions becomes sharper. Interestingly, as depicted in in the Cr-based
RDFs in Figure 6, alloys B and D, which have more Ni and Cr but less Cu, have Ni segregated
more from Cr. However, this increased segregation to the o/a’ interface doesn’t lead to more
precipitation as the higher Cr alloys have less precipitation. The “web-like” interconnected o/a’
interfaces may act as high diffusivity pathways much like pipe diffusion in highly worked
materials with high dislocation densities[62,67], but because the o/a’ interface is coherent,
particularly in the early stages of decomposition, there is a lack of free volume and driving force
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available to encourage precipitation. On the other hand, the semi-coherent and high energy
interface between Cu and Fe or Cu and Cr acts as a good location for atoms to segregate towards
and form precipitates[11].

The presence of Cu clusters of even a few atoms attracts the Ni-Si-Mn elements to form
homogeneous Ni-Si-Mn-Cu particles, as evidenced by the FPKMC simulation presented in Figures
8-9. Without this attraction, the precipitation of Ni-Si-Mn does not take place in the simulation.
While the effect of Cr is not considered in the simulation, the need for an attraction between Ni
and Cu for precipitation of Ni-Si-Mn strongly supports the APT evidence of high Cu alloys having
a larger volume fraction of Ni-Si-Mn precipitates. Consistent with research on Ni-Al/ Cu co-
precipitates in an Fe matrix[68], Cu forms clusters with Ni or acts as a seed for Ni (and other
elements) to segregate depending on the Ni:Cu ratio. As the nanoparticles grow in both cases of
high or low Ni:Cu ratio, the Cu atoms are rejected towards the particle surface forming adjacent
Cu-rich clusters[69,70]. The Cu clusters remain attached to the Ni-Si-Mn precipitate to limit the
interfacial area of the high-energy Cu-Fe interface[11]. This work here further provides strong
evidence that Cu, even at relatively low concentrations, enhances precipitation of Ni-Si-Mn
whether it acts as a surface for precipitation or as an increase in the driving force for precipitation.
Even with increased Ni, Si, and Mn content in these steels, where the ease of precipitation of Ni-
Si-Mn particles would be suspected to be high, the mere presence of Cu greatly enhances
precipitation of Ni-Si-Mn particles. The interface between Cu and the matrix acts in a similar way
to that of irradiated materials providing locations for precipitation via dislocation loops and grain
boundaries[13]. The presence of a higher Cu content increases the driving force for precipitation
of Ni-Si-Mn particles, which form at earlier stages of aging than the low Cu alloys, see Figure 4.
Thus, as seen in irradiated environments[71], the so-called “late blooming phase” actually
precipitates relatively early, even in a thermal aging, non-irradiated environment. The presence of
Cu accelerates this precipitation.

While in our previous work, we stated that Cu initially incorporated into the Ni-rich particles[36],
this may be the case only at elevated aging temperatures of 330 “C and higher. At 290 °C after
both 1,500 and 10,000 hours of aging, only small Cu clusters are found, and these generally are
not enriched in Ni, Si, or Mn, see Figure 3. However, at or above 330 °C after 1,500 or 10,000
hours of aging, the Cu clusters have enrichment in Ni, Si, and Mn, or are attached to Ni-Si-Mn
particles. Thus, precipitation at or below aging temperatures of 290 °C may be demonstrative of
either the early stages of precipitation seen at higher aging temperatures or of a different
mechanism for precipitation than aging at temperatures between 330 °C and 400 °C. This is
consistent with previous research[25,62], where the activation energy for precipitation and
spinodal decomposition changes in the temperature range of 300-325 °C. This may present issues
with using accelerated aging at temperatures of 330 “C or higher to predict performance at or
around 290 °C or less. At these low aging temperatures, Cu may precipitate out first and act as a
seed for nucleation of Ni-Si-Mn precipitates, more in the fashion of low Ni:Cu ratio alloys that
have Ni and Cu precipitating as one together[68]. Nonetheless, additional Cu enhances the
precipitation of Ni-Si-Mn, no matter what the actual mechanism is. Further research on a longer-
term aging is needed to assess the two potential mechanisms above or below 330 °C.

The importance of this research on mechanical behavior is well evident. Several studies have
pointed to the relative importance of Ni-Si-Mn precipitation on the hardening of the ferrite phase
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during aging or irradiation[23-25]. With a high number density and large volume fraction, it is
clear that these precipitates act as obstacles for dislocations. While reducing Cr will reduce the
extent of spinodal decomposition, which causes hardening on its own, it is not very effective in
reducing the precipitation of Ni-Si-Mn particles which recent research has indicated may have a
larger impact on hardening than spinodal decomposition[25]. Thus, reducing the Cu concentration
in these alloys could go a long way to reducing the thermal aging-induced hardening.

With this work, predictive models can undergo development for the long-term capabilities of these
alloys at service temperatures. In upcoming work, the present study will be combined with
microstructural characterization on the evolution of the austenite-ferrite phase boundary during
thermal aging where the importance Cu concentration may impact the precipitation of Ni-Si-Mn
and the size of the precipitate denuded zone[72]. The findings from these studies will enhance
understanding of precipitation mechanisms and their relationship on materials properties during
thermal aging and/or radiation.

S. CONCLUSIONS

Precipitation mechanisms and the dependence on heterogeneous nucleation during thermal aging
of high Cr and high Ni duplex stainless steels were investigated in detail. The relative influences
of Cr and Cu on precipitation of Ni-Si-Mn particles were compared. Knowing these precipitation
mechanisms and their dependencies are of utmost importance for predicting thermal aging-induced
degradation in duplex stainless steels and ferritic steels. In this work, we characterized four cast
austenitic stainless steels — two CF3 and two CF8 alloys — aged for 1,500 and 10,000 hours at 290,
330, 360, and 400 °C. The sets of alloys were split further into two subsets of alloys: higher Cu
and lower Cr compared to lower Cu and higher Cr. The major takeaways are:

e Alloys with an elevated Cu concentration (>0.2at%) have more precipitation of Ni-Si-Mn
particles than alloys with reduced Cu concentration but higher Cr and Ni concentrations.

e Spinodal decomposition results in a diffusion network where Cu, Ni, Mn, and Si can
diffuse more efficiently; however, this interface between Fe-rich o and Cr-rich o’ does not
necessarily encourage Ni-Mn-Si precipitation.

e Cu has a profound effect on precipitation because it is strongly immiscible in Fe and has
a high energy interface with Fe.

e Inalloys with elevated Cu, Cu forms small clusters at aging temperatures of 290 “C and is
not enriched in other elements. At an aging temperature of 330 °C, these Cu clusters are
enriched in Ni, Si, and Mn, and begin to form co-precipitates of Cu clusters attached to
Ni-Si-Mn particles. At the longest equivalent aging times, all sets of clusters are co-
precipitates.

e Inlow Cu alloys, Ni-Si-Mn precipitates form to a smaller extent at each aging temperature.
At an aging temperature of 330 °C, Ni-Si-Mn particles are enriched with some Cu, and at
higher aging temperatures, either Ni-Si-Mn particles are enriched in Cu or form co-
precipitates with Cu clusters. The presence of Cu in or attached to these clusters highlights
the importance of Cu on the kinetics of precipitation of Ni-Si-Mn particles.
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