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High temperature-ultrafine precipitate strengthened (HT-UPS) steel is a potential structural
material for advanced nuclear reactors; however, its irradiation response is not well understood.
This research provides insight into irradiation-induced effects, such as precipitate evolution
mechanisms and four-dimensional morphological evolution, in HT-UPS steel using synchrotron
micro-computed tomography. Identical specimens were characterized pre-irradiation and post-
irradiation following neutron exposure up to 0.3 displacements per atom at 600 °C. Irradiation
effects were also differentiated from the annealing response of precipitates. Following neutron
irradiation, the average Cr23Cg precipitate size reduced, affected by the synergy of nucleation and
growth, ballistic dissolution, and inverse coarsening, which was observed at fluences an order of
magnitude lower than previously observed. Annealing at 600 °C for 32 h increased the average
Cr23Cs precipitate size and decreased the phase fraction, attributed to precipitate coarsening. The
precipitate morphology evolution and resultant mechanisms can be utilized to parameterize and
validate microstructural models simulating radiation damage or annealing.
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High temperature-ultrafine precipitate strengthened (HT-UPS) steel is a type of austenitic stainless
steel developed in the 1980s primarily for structural material applications in advanced fossil fuel
plants [1]. HT-UPS steel demonstrated higher strength and creep resistance at elevated
temperatures (> 600 °C) compared to traditional austenitic stainless steels, such as the 300 series
[1-7]. In particular, creep properties of HT-UPS steel are comparable to Ni-based superalloys
[3,4]. The superior mechanical properties of HT-UPS steel are primarily attributed to the formation
of nanometer-sized metal carbide (MC) (M: Ti, Nb, and V) precipitates at temperatures above
600°C. The MC precipitates preclude both glide and climb forms of dislocation movement by
pinning during thermal creep [2—4,6,7]. Creep studies conducted at 700 °C and 170 MPa for 18,000
h indicated the formation of stable MC precipitates, and resistance to creep-induced voids, as well
as harmful sigma and Lave phases [2,4]. Formation of stable MX (M: Ti, Nb; X: C, N) precipitates
(~ 80 nm), along with M23Cs precipitates (> 100 nm) were identified using thermodynamic
extremum principles and classical nucleation theory following aging at 700 °C for 100,000 h [8].
The MX phase fraction slightly increased after 1 h of aging, whereas the M23Cs phase fraction
peaked following 3 h of aging followed by a consistent decrease throughout the duration of the
aging treatment [8].



The microstructural characteristics of HT-UPS steel are also desirable for structural
materials in advanced nuclear reactors [2,3]. Specifically, MC and M23Cs precipitates act as point
defect annihilation centers, and MC precipitates serve as sites to trap helium (He) atoms [2,6,9—
11]. This behavior results from the positive lattice misfit between the precipitate and matrix, with
values of up to 25% for the MC precipitates [11,12]. Therefore, HT-UPS steel may be able to
minimize critical nuclear reactor structural material problems such as irradiation-induced void
swelling and He embrittlement [2—4,11,12]. In addition, HT-UPS steel was found to be compatible
for use in sodium fast reactors, another advanced nuclear reactor type under consideration for new
builds [13].

Currently, scant information exists for the neutron irradiation behavior of HT-UPS steels
regarding mechanical and microstructural responses [14—17]. Post-irradiation (3 displacements per
atom, or dpa, at 400 °C) in-situ tensile studies using far-field high-energy diffraction microscopy
(FF-HEDM) indicated irradiation hardening and lattice strain anisotropy [17]. Defect studies of
neutron irradiated (3 dpa at 500 °C) HT-UPS steel, identified Frank loops, but did not resolve the
presence of voids using transmission electron microscopy [14]. Grain studies of the identical
irradiation conditions, via FF-HEDM, demonstrated sharpening of two-fiber texture, a reduction
in the volume-weighted lattice constant, and no significant changes in grain sizes following
irradiation [ 16]. Limited precipitate studies of the MX and M23Cs phases have also been conducted.
For example, an atom probe tomography study depicted clusters rich in Ti and Nb in neutron
irradiated (3 dpa at 500 °C) HT-UPS steel [ 14]. More recently, synchrotron-based X-ray absorption
near-edge spectroscopy (XANES) revealed an increase in the radiation-enhanced Cr23Cs phase
following neutron irradiation up to 0.3 dpa at 600 °C [15]. However, the XANES study did not
identify the mechanisms responsible for the increase in the Cr23Cs phase, nor did it spatially locate
and quantify the Cr3C¢ precipitates in the HT-UPS steel microstructure, thus motivating the
current research.

In the current research, synchrotron-based X-ray micro-computed tomography (u-CT) was
employed to understand four-dimensional (4D) Cr23Cs precipitate evolution in HT-UPS steel
before and after low fluence neutron irradiations up to 0.3 dpa (1.08 x 10*! n/cm?) at 600 °C by
evaluating precipitate spatial distributions and geometries within identical specimens. A
propagation-based phase-contrast u-CT technique was utilized, which relies on the phase contrast
of X-rays that arise due to changes in refractive indices in a material [18,19]. The refractive index
is proportional to the electron density and mass density of the features in a material, thus enabling
the effective characterization of precipitates. Understanding precipitate evolution is critical since
they can serve as centers to pin dislocation and grain boundary movement, as well as trap point
defects and He gas atoms. As a part of this research, precipitate evolution was also evaluated before
and after annealing at 600 °C in HT-UPS steel. Thus, a unique, comparative examination
characterizes thermal effects separately from neutron effects for precipitate evolution.

In general, neutron radiation damage studies that characterize the evolution of the identical
microstructure by comparing pre-irradiation and post-irradiation microstructures of the same
specimen are practically non-existent due to the complexity and cost of the experiments, as well
as the previous lack of advanced nuclear materials sample preparation and characterization



techniques. Therefore, this study will provide 4D microstructural insight into precipitate evolution,
which can be important to tailoring a material’s radiation or thermal response, as well as producing
parameterization and validation data for mesoscale codes (e.g., phase field).

Precipitate Segmentation

Two separate investigations were performed to characterize precipitate evolution using
synchrotron pu-CT imaging of HT-UPS steel subjected to neutron irradiation or thermal treatments.
The p-CT imaging produced radiographs, which were reconstructed to produce tomographs and
then segmented to identify precipitates. Due to the small volume fraction of second phase
precipitates in the specimens, traditional model-based segmentation, such as global thresholding,
is ineffective and inaccurate [20]. Therefore, an edge-based approach (e.g., Sobel edge-filter) was
utilized to segment the features while maintaining the attenuation contrast expected [20,21]. To
accomplish this a two-part segmentation procedure was created consisting of an initial Sobel edge
segmentation [20] followed by a Chan-Vese iterative area contouring algorithm [21] to verify and
define the boundaries of the precipitates. A previous study on the identical HT-UPS specimens
used in this investigation revealed two major precipitate phases, Cr23Cs and MX [15], using
synchrotron X-ray diffraction. The precipitates observed in the current study are Cr23Cs since MX
precipitates are only a few nanometers in size [14], thus are below the resolution range of p-CT
(0.40 - 3.2 um®) in this study. In austenitic stainless steels, Cr23Cs precipitates may also be void
and/or He bubble associated, post-irradiation [22]; however, it is difficult to discern co-located
voids and bubbles via p-CT.

Figure 1 exemplifies the sequential representation of the precipitate segmentation
procedure on a two-dimensional (2D) slice, as shown in Figs. 1 (a) - (¢), and a 3D volume, as
shown in Figs. 1 (d) — (f) of the pre-annealed HT-UPS steel specimen. Figure 1 (a) represents a
slice of the tomograph with the grayscale corresponding to the attenuation of the material. Figure
1 (b) illustrates the edge segmentation of the features in the 2D slice using a Sobel edge filter [20]
with white outlines corresponding to the segmented edges of the precipitates. Figure 1 (c¢) depicts
the segmented precipitates represented in white after implementing the Chan-Vese algorithm [21]
on the 2D slice. Thus, the precipitates were successfully segmented in all specimens, pre-
irradiation, post-irradiation, pre-annealing, and post-annealing, as demonstrated in Fig. 1.

The 3D tomography showing the isosurfaces of the segmented precipitates and the
boundaries of the illuminated volumes are displayed in Fig. 2. Figures 2 (a) and (b) depict the
tomographs for pre-irradiation and post-irradiation of 0.003 dpa at 600 °C, respectively, while
Figs. 2 (c) and (d) show the tomographs for pre-irradiation and post-irradiation of 0.3 dpa at 600
°C. Similarly, Figs. 2 (e) — (h) illustrate the tomographs for pre-annealing and post-annealing for
3.2 h, 6.4 h, and 32 h at 600 °C. Fig. 2 indicates the presence of the precipitates dispersed
throughout the specimens for all conditions of the HT-UPS steel specimens. The segmented Cr23Ce
precipitates were further analyzed to identify various radiation and thermally induced phenomena
or mechanisms controlling size evolution (e.g., nucleation and growth, ballistic dissolution,



shrinkage/dissolution, and growth/reprecipitation), as well as to understand the corresponding
morphological evolution, specifically volume, equivalent sphere radii, sphericity, precipitate phase
fraction or Vv, and the precipitate surface area per unit volume or Sy. Since identical samples were
characterized before and after irradiation or annealing, effectively capturing the same precipitates,
any fluctuation in the size distribution (including the average and standard deviation of volume)
and geometry are assumed to be a result of precipitate evolution rather than sample-to-sample
variability. The average error is not discussed due to the large quantity (over 500,000 per sample)
of precipitates analyzed in this study, resulting in the average error equaling approximately zero.
The sheer number of precipitates present is evident in Fig. 2, which represents only one-half to
one-third of the volume analyzed per sample. Note that the equivalent sphere radii will be referred
to as radii in the remainder of the text.

Precipitate Evolution Phenomena

Figures 3 (a) - (d) show selected regions of interest of the 3D pu-CT segmented tomographs,
illustrated in Figs. 2 (a) - (d), identifying precipitate evolution phenomena that occurred following
neutron irradiation. Figures 3 (a) and (b) represent the identical specimen region pre-irradiation
and post-irradiation of 0.003 dpa at 600 °C and Figs. 3 (c) and (d) illustrate the identical specimen
region pre-irradiation and post-irradiation of 0.3 dpa at 600 °C. Characterization of identical
specimens was performed before and after neutron irradiations, thus enabling a comprehensive
understanding of the 3D precipitate evolution.

The Cr23Cs precipitate evolution phenomena, such as nucleation and growth (black
ellipses), ballistic dissolution (red ellipses), shrinkage/dissolution (orange -ellipses), and
growth/reprecipitation (purple ellipses), occurred post-irradiation in both 0.003 dpa and 0.3 dpa
specimens, as shown in Figs. 3 (a) to (d). The instances of nucleation and growth phenomena were
identified by the formation of new Cr23Cs precipitates post-irradiation that were not found in the
pre-irradiated specimen. The ballistic dissolution or recoil dissolution [10] phenomenon was
recognized when a precipitate in the pre-irradiation state breaks into multiple fragments post-
irradiation, indicating that neutron bombardment ballistically ejected solute atoms out of the
precipitates. The shrinkage/dissolution phenomenon was detected when a precipitate in the pre-
irradiation state shrinks in size post-irradiation, indicating the dissolution of solute atoms into the
matrix. The growth/reprecipitation phenomenon was ascertained when a precipitate grows post-
irradiation by acquiring solute atoms from the matrix. Figures 3 (b) and (d) also depict an inverse
coarsening behavior [10], where relatively larger precipitates showed shrinkage/dissolution and
smaller precipitates demonstrated growth/reprecipitation. Inverse coarsening refers to the growth
of smaller precipitates at the expense of larger precipitates [ 10]. In the specifically selected regions
of interest, a comparison between the 0.003 dpa and 0.3 dpa specimens indicates more instances
of ballistic dissolution following 0.003 dpa irradiation, indicated by the red ellipses in Fig. 3 (b).
Whereas the selected region of interest in the 0.3 dpa specimen shows more prevalence of
nucleation and growth and growth/reprecipitation, indicated by the black and purple ellipses,
respectively. The differences in the observations can be attributed to the fluence; in particular, the
higher fluence and longer reactor residence time for 0.3 dpa irradiation, resulted in the prevalence
of nucleation and growth, and the tendency towards inverse coarsening.



Figures 3 (e) - (h) show the selected regions of interest of the 3D pu-CT segmented
tomographs demonstrating precipitate evolution phenomena that occurred post-annealing at 600
°C for up to 32 h. Precipitate evolution phenomena, such as nucleation and growth (black ellipses),
shrinkage (orange ellipses), and growth (purple ellipses), occurred post-annealing. Similar to the
irradiated specimens shown in Figs. 3 (a) - (d), the phenomena in the tomograph sections for pre-
annealing and post-annealing studies were identified by monitoring individual precipitates and
precipitate groups. In post-annealing specimens, smaller precipitates shrunk at the expense of the
growth of larger precipitates, as shown in Figs. 3 (e) - (h), illustrating conventional coarsening
behavior or Ostwald ripening that can be modeled by the mean-field theory of coarsening [23,24].
However, the coarsening effect observed post-annealing is in contrast with the inverse coarsening
effect observed following neutron irradiation.

Precipitate Volume and Radii Evolution

Figures 4 (a) and (b) display a comparison of the precipitate volume distributions normalized by
the volumes of the corresponding characterized HT-UPS steel specimens for pre-irradiation and
post-irradiation of 0.003 dpa and 0.3 dpa at 600 °C, respectively. The 0.003 dpa specimen showed
a reduction in the normalized counts of the precipitates in the volume range of 65 to 350 um?® as
compared to the pre-irradiated specimen, illustrated in Fig. 4 (a). The largest overall maximum
reduction in normalized precipitate counts was two orders of magnitude ranging from 1076 mm™
to 84 mm™, observed for the precipitate volume range of 160 to 170 um® following 0.003 dpa.
However, an increase in the normalized precipitate count was observed below precipitate volumes
of 65 pm’. These results are summarized in Table 1, showing the arithmetic and lognormal means
for precipitate volumes, along with the corresponding standard deviations. Following the 0.003
dpa irradiation, a reduction in the arithmetic (4.10 um?® to 3.01 um®) and lognormal means (3.17
um?’ to 1.84 pm?®) occurred. Both reductions occurred within one standard deviation. However, the
standard deviations for both means decreased after irradiation, particularly for the arithmetic mean,
demonstrating a reduction in the range of precipitate volumes and a shift to smaller volumes. The
decreasing trends in the precipitate volumes are the manifestations of the nucleation and growth,
ballistic dissolution, and shrinkage/dissolution phenomena observed in Fig. 3 (b).

Similarly, in the 0.3 dpa specimen (Fig. 4 (b)), the precipitate count decreased in the
volume range of 85 to 350 pm’® and increased below a precipitate volume of 85 um?® as compared
to pre-irradiation. However, the maximum reduction in normalized precipitate counts in the
volume range of 85 to 350 um® was only one order of magnitude lower as compared to the 0.003
dpa specimen, ranging from 203 mm™ to 34 mm™ for the precipitate volume range of 200 - 210
um’. A complete reduction in precipitate numbers with volumes greater than 240 pum’ was
observed following both irradiations. Arithmetic and lognormal means for precipitate volumes,
along with corresponding standard deviations were calculated, as given in Table 1. Only slight
changes in the arithmetic (8.84 um® to 7.03 pm®) and lognormal means (5.61 pm?® to 5.60 um?)
occurred after 0.3 dpa. Both reductions occurred within one standard deviation. The standard
deviation for the arithmetic mean decreased, demonstrating a reduction in the range of precipitate
volumes and a decrease in the precipitate volumes greater than 85 um’. However, the standard
deviation for the lognormal mean increased. Since the larger precipitate volumes of a lognormal



distribution are weighted less, this highlights an increase in the number and range of smaller
precipitates following the 0.3 dpa irradiation, therefore increasing the lognormal standard
deviation. Although the normalized precipitate counts did not decrease as dramatically as the 0.003
dpa specimen for the smaller precipitates with volumes less than 350 pm?® (Fig. 4 (b)), the reduction
in the overall precipitate volumes still resulted in smaller means. The decreasing trends in the
precipitate volumes are the result of the nucleation and growth, ballistic dissolution, and
shrinkage/dissolution phenomena observed in Fig. 3 (d). Overall, neutron irradiation resulted in a
reduction in arithmetic and lognormal mean precipitate volumes, despite the variations in the
normalized volume distribution trends.

Figure 4 (c) displays a comparison of the precipitate volume distributions normalized by
the characterized volumes of the corresponding HT-UPS steel specimen for pre-annealing and
post-annealing at 600 °C for 3.2 h, 6.4 h, and 32 h. All precipitate volume ranges increased
following annealing at 600 °C for 32 h, as compared to all other thermal treatments and the pre-
annealed specimen. However, only minor precipitate volume changes were observed post-
annealing after 3.2 h and 6.4 h, as compared to the pre-annealed specimen. Table 1 indicates this
behavior quantitatively; the arithmetic and lognormal mean changes are within one standard
deviation post-annealing for 3.2 h and 6.4 h. Whereas, post-annealing for 32 h increased the
arithmetic (1.19 pm®to 11.26 um?®) and lognormal means (1.69 pm®to 13.34 pm?®) of precipitate
volumes by one order of magnitude compared to the pre-annealed condition. Figure 4 (d)
demonstrates the nature of the precipitate distribution on the specimen surface of 0.3 dpa specimen,
indicating the occurrence of both intragranular and intergranular precipitates.

Table 1 also shows the volume fraction (Vv) and surface area per unit volume (Sv)
measurements of Cr23Cs precipitates for pre-irradiation and post-irradiation specimens (0.003 dpa
and 0.3 dpa at 600 °C) and pre-annealing and post-annealing specimens (3.2 h, 6.4 h, and 32 h at
600 °C). A large reduction in Vy and Sv was observed following the 0.003 dpa irradiation, as
compared to the pre-irradiation specimen. However, 0.3 dpa specimen indicated a nearly identical
Vv and exhibited a small increase in Sv, as compared to the pre-irradiation specimen. An increase
was observed in Vv and Sy, following annealing at 600 °C for 3.2 h and 6.4 h. However, further
annealing up to 32 h resulted in the reduction of Vv and Sy.

Frequency distributions of the precipitate radii for pre-irradiation and post-irradiation of
0.003 dpa and 0.3 dpa at 600 °C are shown in Figs. 5 (a) and (b), respectively. Figures. 5 (a) and
(b) indicate a similar behavior, as depicted in Figs. 4 (a) and (b), illustrating an increase in the
frequency of smaller precipitates (<0.7 um) and a decrease in the frequency of larger precipitates
(> 0.7 um) post-irradiation. These changes are also accompanied by a peak shift in the distribution
to a lower value from 0.7 pm - 0.8 um for pre-irradiation to 0.5 pm - 0.6 pm for both 0.003 dpa
and 0.3 dpa irradiations.

The frequency distributions of the precipitate radii are shown in Fig. 5 (¢) for pre-annealing
and post-annealing at 600 °C for 3.2 h, 6.4 h, and 32 h. The peaks of the radii distributions
increased from 0.5 pum - 0.6 um for pre-annealing to 1.0 um - 1.1 pm for post-annealing for 32 h.
The breadth of the distribution increased, exhibited by the change in lognormal standard deviation,
from 0.15 pm for the pre-annealing state to 0.66 um for the post-annealed state after 32 h. Figure.



5 (c) illustrates a decrease in the frequencies of precipitate radii below 0.7 um and an increase
above 0.7 pm following annealing for 3.2 h and 6.4 h, as compared to pre-annealing. However,
the lognormal mean radii exhibited negligible changes with values of 0.62 + 0.15 pm pre-
annealing, 0.64 = 0.16 um post-annealing for 3.2 h, and 0.63 + 0.15 pm post-annealing for 6.4 h,
whereas post-annealing for 32 h showed an increase in the lognormal mean radius to 1.30 + 0.66
pm.

The growth law for coarsening behavior (Ostwald ripening) under annealing is modeled
using the mean-field theory of coarsening (MFTC) and/or modified MFTC, which demonstrates
that the change in arithmetic mean radii is directly proportional to (time)!® [23-25]. The evolution
of the arithmetic mean radii following neutron exposure and thermal treatments were evaluated,
as shown in Figure 6 to compare with the growth law. Figure 6 (a) shows the evolution of the
arithmetic mean radii between pre-irradiation and post-irradiated states. Here, Ro is the initial
arithmetic mean radius, i.e., for pre-irradiation, and R is the arithmetic mean radius for post-
irradiation states. Figure 6 (a) shows a reduction in the mean precipitate radius following
irradiation of 0.003 dpa and 0.3 dpa, as compared to corresponding pre-irradiation states, which is
also supported by the previously mentioned observations in Figs. 4 (a) and (b) and Figs. 5 (a) and
(b). The decrease in the precipitate arithmetic mean radii is larger following the 0.3 dpa irradiation,
as compared to the 0.003 dpa irradiation. This behavior is in qualitative agreement with nucleation
and growth, ballistic dissolution, and shrinkage/dissolution phenomena observed in Figs. 3 (b) and

(d).

The evolution of the arithmetic mean precipitate radii of the annealed precipitates is shown
in Fig. 6 (b). Here, Ry is the initial mean radius, i.e., for pre-annealing, and R is the mean radius
for different annealing times. Figure 6 (b) shows an overall precipitate growth with post-annealing
at 600 °C for 32 h, as compared to pre-irradiation, which is in agreement with the dominant
coarsening behavior, including the growth of larger precipitates at the expense of smaller
precipitates or Ostwald ripening, as depicted in Figs. 3 (e) and (h), and the trends observed in Fig.
4 (c) and Fig. 5 (c). However, Figure 6 (b) shows no changes in mean precipitate radii post-
annealing for 3.2 h and 6.4 h, as compared to pre-irradiation, due to simultaneous nucleation and
growth that compensate for the coarsening behavior, as shown Figs. 3 (e), (f), and (g).

The 0.003 dpa specimen and the post-annealing for 3.2 h specimen were subjected to
nuclear reactor conditions and annealing conditions, respectively, for the same amounts of time.
The evolution of mean precipitate radii comparison between the two conditions directly
differentiates the irradiation and annealing effects. As shown in Fig. 6, the mean radius reduction
following the 0.003 dpa irradiation indicates nucleation and growth, as well as ballistic dissolution
phenomena, whereas a negligible change in mean the radius after 3.2 h annealing denotes the
effects of the balance between nucleation and growth, as well as coarsening mechanisms.

Precipitate Sphericity Evolution

Figures 7 (a) - (d) show the precipitate volume and sphericity bivariate distributions for the pre-
irradiated and post-irradiated HT-UPS steel specimens. Smaller precipitates with volumes less



than 100 um® have the greatest number of large sphericities in the range of 0.9-1.1 for both the
pre-irradiation and post-irradiation conditions, indicating smaller precipitates are more spherical.
In the 0.003 dpa specimen, low sphericity (< 0.6) and large volume precipitates (100 — 350 um?®)
show a decrease in precipitate counts. This behavior coincides with an increased quantity of high
sphericity (0.6 — 1.0) and precipitates in the range of 100 — 250 pm?®, as illustrated in Figs. 7 (a)
and (b). This trend resulted in a minor increase of arithmetic mean sphericity of the precipitates
from0.93 +£0.13 t0 0.94+0.11, as given in Table 1. The 0.3 dpa specimen demonstrated a decrease
in the number of low sphericity (< 0.6) and large volume precipitates (100 — 350 um?), along with
an increase in the number of high sphericity (0.6 — 1.0) precipitates in the range of 100 — 250 pm’.
Following the 0.3 dpa irradiation, the overall range of sphericity (0.45 — 1.2) is unchanged.
However, a shift in sphericity range is observed following the 0.003 dpa irradiation from 0.3 to
1.2 for the pre-irradiated specimen to 0.45 to 1.2 post-irradiation, indicating a tendency towards
more spherical precipitates post-irradiation. Table 1 also indicates no change in the arithmetic
mean sphericities following 0.3 dpa irradiation (0.94 + 0.11) compared to pre-irradiation
(0.94+0.12).

Figures 7 (e) - (h) represent the precipitate sphericity and volume bivariate distributions of
the HT-UPS steel specimens for pre-annealing and post-annealing at 600 °C for 3.2 h, 6.4 h, and
32 h. Similar to pre-irradiation and post-irradiation specimens, precipitates with volumes less than
100 pm® have the greatest numbers of higher sphericities in the range of 0.9-1.1 for both the pre-
annealing and post-annealing conditions, indicating that smaller precipitates are more spherical.
Figures 7 (e) and (h) illustrate an increase in precipitate numbers with volumes greater than 300
um’® with lower sphericity (<0.6) along with a reduction in relatively smaller precipitates (<200
um’) with peak sphericities of 0.9-1.0, following post-annealing at 600 °C for 32 h. These
observations agree with the small decrease observed in the arithmetic mean sphericity from 0.95
+0.11 to 0.93 £ 0.11, as demonstrated in Table 1, as compared to pre-annealing. Post-annealing
at 600 °C for 3.2 h and 6.4 h showed a decrease in the counts of smaller precipitates (<100 pm?*)
with peak sphericities of 0.9 — 1.1 with a simultaneous increase in relatively larger precipitates
(<200 pm®) with lower sphericities (<0.6) in comparison to pre-annealing, as illustrated in Figs. 7
(e), (f), and (g). However, the arithmetic mean precipitate radii did not change following 3.2 h and
6.4 h annealing, as shown in Table 1, due to the compensation in the reduction of precipitate
numbers with higher sphericities (0.9 - 1.1) and an increase in precipitate numbers with lower
sphericities (<0.6).

Neutron Irradiation Effects on Cr3Cs Evolution

In the recent XANES study conducted by Nori et al. [15], using the identical irradiated HT-UPS
steel specimens, Cr23Cs concentration generally increased with irradiation, indicating the
possibility of concurrent evolution phenomena, including nucleation and growth, ballistic
dissolution, and inverse coarsening (including growth/reprecipitation, as well as
shrinkage/dissolution) [15]. However, XANES is unable to discern morphological characteristics
or quantities of precipitates, thus u-CT was utilized to characterize the neutron irradiated



specimens before and after irradiation. The current study confirms the co-existence of these
phenomena and corroborates the XANES study [15], establishing an early onset of Cr3Ce
precipitate evolution. Moreover, the presence of Cr;Ce precipitates pre-irradiation and their
mechanistic evolution in the form of nucleation and growth, ballistic dissolution,
shrinkage/dissolution, and growth/reprecipitation post-irradiation support that these phases are
radiation enhanced.

Previous studies have suggested that M23Cs is a radiation-enhanced phase above 550 °C in
austenitic stainless steels since limited M23Ce formation occurs with thermal aging in the range of
550 °C —900 °C [26-28]. For example, this behavior was illustrated with an alloy similar to HT-
UPS steel, a Ti-stabilized 15% Ni, 15% Cr steel with the presence of intergranular M23Ce following
1.5 dpa neutron irradiation at 577 + 25 °C [28]. However, the same study indicated that M»3Ce had
limited existence after aging in similar conditions [28]. Neutron irradiation (36 dpa at 600 °C to
630 °C) of 20% cold-worked (CW) Ti-stabilized 316 stainless steel showed inter-granular
formation of M23Cs [22]. While neutron irradiation of FV548 (~ 16% Cr, ~ 12% Ni) Nb-stabilized
steel indicated the formation of both intra-granular and inter-granular M23Cs following 16 dpa at
475 °C to 600 °C for 20% CW specimens and at 550 °C to 700 °C for solution annealed materials
[29]. Moreover, stable nucleation and growth of M23Cs in 304 stainless steels were predicted by
rate theory models to occur in the range of 550 °C and 650 °C for a maximum sink density of 10
m? and a minimum point-defect generation rate of 10® dpa/s [30,31]. Hence, previous neutron
irradiation studies indicated the stable formation of M»3Cs in austenitic stainless steels at
temperatures above 550 °C. However, the neutron fluences (from 0.003 dpa to 0.3 dpa) in the
current research and the XANES study [15], are one or more orders of magnitude lower compared
to previous studies (1.5 dpa) which defined M23Cs as a radiation-enhanced phase [28].

The current research characterized the spatial distribution and the morphological evolution
of Cr23Cs precipitates as a function of neutron irradiation dose. For example, the 0.003 dpa
specimen demonstrated a reduction of two orders of magnitude in the normalized precipitate count
for larger precipitates (ranging from 65 to 350 um?), shown in Fig. 4 (a), as compared to the pre-
irradiated specimen. This behavior is less pronounced in the 0.3 dpa specimen showing only one
order of magnitude reduction (Fig. 4(b)) in the precipitate count for the larger precipitates (85 to
350 pm®) compared to the pre-irradiated specimen. Figures 5 (a) and (b) indicate a shift in
precipitate radii distributions to smaller sizes (0.5-0.6 um) following irradiation in comparison to
the pre-irradiation values of 0.7-0.8 um. Thus, the irradiation of the samples creates smaller
precipitates while reducing the overall quantity of larger precipitates. This behavior is also
captured by the reduction of the post-irradiated mean precipitate volumes, as expressed in Table
1, and the decrease of the mean precipitate radii following irradiation, shown in Figs. 5 (a) and (b).
These observations are the manifestations of the numerous precipitate evolution mechanisms
observed in the regions of interest in the HT-UPS steel specimens, as depicted in Figs. 3 (a) - (d).
Thus, irradiation-induced precipitate nucleation and growth, as well as ballistic dissolution
phenomena, become active and contribute to the reduction in precipitate sizes following neutron
irradiation.

As previously mentioned, the 0.003 dpa specimens exhibited a greater reduction in
precipitate counts for the volume range of 65 to 350 um® versus precipitates ranging in volume
from 85 to 350 pm’® for the 0.3 dpa specimen, as depicted in Fig. 4 (a) and (b). This discrepancy
may be attributed to the favorable kinetics (e.g., longer reactor residence time) provided during
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0.3 dpa fluence to facilitate additional inverse coarsening behavior in the form of
growth/reprecipitation of the smaller precipitates (<85 pm?®), shown in Fig. 3 (d). Although more
instances of growth/reprecipitation of the smaller precipitates occur in 0.3 dpa specimen, the
dominance of nucleation and growth, as well as ballistic dissolution phenomena, observed in 0.3
dpa specimen manifest in an overall reduction of the arithmetic mean precipitate radii compared
to 0.003 dpa, as illustrated in Fig. 6 (a).

Nucleation and growth of precipitates can be attributed to radiation-enhanced diffusion of
point defects leading to solute supersaturation [10]. Moreover, the excess point defects,
particularly vacancies [16,22], can be bound to relatively bigger size solute atoms, such as Cr [10],
and facilitate the nucleation of Cr23Cs precipitate phases. Thus, the accumulation of vacancies can
lead to void-associated precipitates post-irradiation, as observed in neutron-irradiated austenitic
stainless steels [22,32]. Additionally, HT-UPS steel generally exhibits annealing twin boundaries
[33], which can also act as sites for the nucleation of precipitate phases of type M23Cs [11]. Pre-
existing TiC precipitates [34] and dislocation loops [35] can also act as M23Ce nucleation sites.
Ballistic dissolution of the precipitates can be attributed to the cascades during irradiation, which
can cause solute atom displacement [10,36]. Thus, ballistic effects can lead to precipitate
dissolution during irradiation, as shown in Fig. 3 (red ellipses).

Differentiation of Neutron Irradiation Effects from Annealing Effects on Cr23Cs Evolution

The dominance of coarsening behavior in annealed specimens is indicated by the increase
in normalized precipitate counts for all volume ranges (Fig. 4 (c)), as well as the peak shift in the
frequency distributions for radii from 0.5 - 0.6 um (pre-annealing) to 1.0 - 1.1 pm (post-annealing
at 32 h) (Fig. 5 (c)). These observations are the manifestations of shrinkage and growth phenomena
illustrated in Figs. 3 (e) — (h). The prevalence of coarsening behavior is expected during annealing
according to Ostwald ripening [23,24], in which larger precipitates (> 1 um) grow at the expense
of smaller precipitates. For example, in steels similar to HT-UPS steels, such as Ti modified
austenitic stainless steels, coarsening of M23Cs precipitates was observed after aging at
temperatures above 600 °C [22,37].

However, in addition to coarsening, precipitate nucleation and growth were also observed,
particularly post-annealing for 3.2 h and 6.4 h, as shown in Figs. 3 (f) and (g). Previous
experimental studies indicated nucleation and growth of M23Cs precipitates in austenitic stainless
steels annealed at temperatures > 550 °C at various nucleation sites, including grain boundaries,
twin boundaries, and dislocations [38—42]. Simulation studies also used various models that
included simultaneous nucleation, growth, and coarsening behaviors to obtain the evolution
characteristics of M23Cg precipitates comparable to experimental studies, as well as at longer aging
times [8,43]. For example, a theoretical study of HT-UPS steel utilized classical nucleation theory
and thermodynamic extremum principles to reveal the formation of stable M23Cs precipitates,
greater than 100 nm in size, following aging at 700 °C for 100,000 h [8]. It was found that
nucleation and growth of M23Cs precipitates occurred in the early stages of annealing (<3 h) [8,43].
The same study also demonstrated an increase in the Cr23Cs phase fraction from 0 to a maximum
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of ~ 0.004 after 3 h of annealing at 700°C. The phase fraction gradually decreased to nearly zero
after 10,000 hours, demonstrating precipitate dissolution into the matrix [8]. In 316H stainless steel
(17.17% Cr, 11.83% Ni), the number density of Cr23Cs precipitates increased from zero to ~
1.7x10" mm? after annealing at 700 °C for ~ 0.3 h, remained constant until ~ 3 h, and then
decreased gradually after 3 h, showing the dissolution of the precipitates into the matrix [43]. In
the current research, nucleation and growth phenomena are observed in the early stages of
annealing at 600 °C for 3.2 h and 6.4 h, as shown in Figs. 3 (f) and (g). Whereas after 32 h of
annealing at 600 °C, precipitate growth was more evident, as evidenced by Figs. 3 (h) and 4 (c).

The evolution of mean radii of the precipitates shown in Fig. 6 (b), did not clearly indicate
a linear trend, indicative of a constant coarsening rate, as expected with Ostwald ripening, and as
modeled by MFTC. Since the MFTC model assumes diffusion-limited coarsening, a spherically
symmetric field of diffusion, and a constant mean concentration far from the precipitates [23-25],
any deviations from the assumptions can cause a discrepancy in the expected linear trend.
However, the discrepancies observed in this study can be primarily attributed to the simultaneous
nucleation and/or growth of precipitates during annealing, particularly for 3.2 h and 6.4 h, along
with concurrent coarsening behavior. Thus, mean radii did not deviate after 3.2 h and 6.4 h
annealing times due to the compensation of coarsening by nucleation and growth of Cr23Cs
precipitates, as shown in Fig. 6 (b). However, at longer annealing times (e.g., 32 h), coarsening
behavior dominated, as shown in Fig. 3 (h), and hence, there is a possibility for a linear mean radii
evolution trend for annealing times greater than 6.4 h, representing a constant coarsening rate.
Also, precipitates with a radius less than 0.46 pm for the pre-annealed, 3.2 h, and 6.4 h annealed
specimens, and precipitates with a radius less than 0.91 um for the 32 h annealed specimen, were
below the resolution limit of the technique, therefore obscuring any nucleation and growth for very
small precipitates. Thus, the effects of annealing were differentiated from the irradiation conditions
since the irradiation studies showed a dominant tendency of precipitate nucleation and/or growth,
ballistic dissolution, and inverse coarsening.

As shown in Table 1, the 0.003 dpa specimen demonstrated a reduction in both Vyand Sv;
whereas the 0.3 dpa specimen demonstrated a nearly identical Vv and an increase in Sy, as
compared to corresponding pre-irradiation specimens. Previous XANES studies [15] illustrated an
increase in spectral density with irradiation, which agrees with the increase in Sy and little change
in Vy following the 0.3 dpa irradiation. However, the XANES trend of increasing spectral density
is not consistent with the results observed in the current study for the 0.003 dpa specimen, which
could be attributed to various technique limitations for both XANES and p-CT. The current study
indicated that the dominant mechanisms controlling precipitate behavior in the 0.003 dpa specimen
were ballistic dissolution, and nucleation and growth. This was also supported by the decrease in
the average precipitate radii and volume. Thus, decreasing trends in size may lead to precipitate
sizes that are below the detectable thresholds of the pu-CT technique. Moreover, the XANES
studies were conducted on a smaller volume since it is a surface-based technique compared to the
u-CT studies. This may be exacerbated by an inhomogeneous distribution of Cr3Cs precipitates
forming networks at the grain boundaries, albeit intra-granular precipitates were also identified in
Fig. 4 (d).
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As shown in Table 1, Vyand Sy increased following annealing at 600 °C up to 6.4 h, and
then decreased for the remainder of the annealing time of 32 h. These changes are consistent with
previous studies [8,43], which demonstrated a maximum precipitate phase fraction after ~ 3 h of
annealing and then gradually decreased with further annealing at 700 °C. In the current study, the
annealing temperature (600 °C) is less than the previous studies (700 °C) and hence, the annealing
time for achieving a maximum Vv shifted from ~ 3 h for the previous studies to beyond 3.2 h in
the current study.

The sphericity distribution changes following irradiation demonstrated different trends.
The 0.003 dpa specimen showed an increase in the arithmetic mean sphericity, as expressed in
Table 1, as compared to pre-irradiation. The increase in mean sphericity was accompanied by a
concurrent reduction in the number of precipitates within the volume range of 100 — 350 pm?® and
lower sphericity (< 0.6) and an increase in the number of precipitates with volumes ranging from
100 — 250 pm® possessing higher sphericities (0.6 — 1.0), as illustrated in Figs. 7 (a) and (b),
following irradiation. These trends can be the manifestations of ballistic dissolution and/or
shrinkage/dissolution of larger precipitates, as well as the nucleation and growth of relatively
smaller precipitates. However, Figs. 3 (a) and (b) depict the dominance of ballistic dissolution
phenomenon resulting in the dispersion of larger volume and lower sphericity precipitates, as
compared to the relatively smaller size and higher sphericity Cr23Cs precipitates.

The 0.3 dpa specimen showed no change in arithmetic mean sphericity, given in Table 1,
as compared to pre-irradiation. This was accompanied by a reduction in the number of large
volume precipitates (100 — 350 um?) and an increase in the number of precipitates ranging from
100 — 250 um® with high sphericities (0.6 — 1.0), as illustrated in Figs. 7 (c) and (d). However,
after 0.3 dpa irradiation, the sphericity range remained identical (0.45 — 1.2). These trends can be
attributed to the prevalence of reprecipitation/growth due to inverse coarsening in the 0.3 dpa
specimen, as shown in Fig. 3 (d). Thus, the increase in sphericity caused by ballistic dissolution is
balanced by a decrease in sphericity caused by reprecipitation/growth of precipitates following 0.3
dpa irradiation.

The post-annealing at 600 °C for 32 h specimen indicated a decrease in arithmetic mean
sphericity, as demonstrated in Table 1, as compared to the pre-annealing specimen. This was
accompanied by an increase in the number of precipitates with volumes greater than 300 um® with
lower sphericity (<0.6), and a simultaneous reduction in the number of precipitates less than 200
um’® with peak sphericities of 0.9-1.0, as illustrated in Figs. 7 (e) and (h). This is a result of
coarsening behavior observed in Fig. 3 (h), in which larger Cr23Cs precipitates with lower
sphericities grow at the expense of smaller precipitates with higher sphericities. The morphological
trends in this study are in agreement with previous studies in austenitic stainless steels which
confirmed that larger precipitates possessed lower sphericity geometries, such as rods or plates,
which were generally inter-granular in nature, whereas smaller precipitates tended to be located
intra-granularly with higher sphericity shapes, such as cuboids or octahedrons following post-
irradiation [34,44] and post-annealing [38—42] characterization.

Previous studies depicted the formation of Cr3Cs precipitates both at grain boundaries
[6,22,28,29] and within the grains [22,32,34,35]. The variation in precipitate localities can be
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advantageous to impart radiation resistance due to the ability to effectively annihilate point defects
in the matrix and at interfaces, such as grain boundaries and twin boundaries. This advantage is
further supplemented by the inhibition of grain boundary embrittlement by inter-granular
precipitates [45]. In the current investigation, Cr23Cs precipitates were dispersed throughout the
specimens, demonstrating inter-granular and intra-granular locations, as illustrated in Fig. 4 (d),
thus supporting the propensity for enhanced radiation resistance in HT-UPS steels.

Four-dimensional precipitate evolution in HT-UPS steel subjected to irradiation or annealing was
obtained by conducting synchrotron X-ray propagation-based phase-contrast enhanced u-CT on
identical specimens. A multi-step model-based segmentation technique was designed to segment
low volume fractions of second phase particles in images with substantial noise, which allowed
for individual precipitate characteristics to be analyzed, including volume, surface area, radius,
sphericity, Vv, Sv, and grain locality. This analysis also provided insight into the phenomena or
mechanisms responsible for the specific precipitate evolution such as nucleation and growth,
ballistic dissolution, shrinkage/dissolution, and growth/reprecipitation.

Neutron irradiation o 0.003 dpa and 0.3 dpa at 600 °C resulted in various Cr23Cs precipitate
evolution phenomena such as nucleation and growth, ballistic dissolution, and inverse coarsening,
including shrinkage/dissolution of precipitate radii > 0.7 pm and growth/reprecipitation of
precipitate radii <0.7 pm. Simultaneously, neutron irradiated specimens demonstrated a reduction
in Cr23Cs precipitate volume distributions for larger precipitates (65- 350 um® for 0.003 dpa and
85- 350 um?® for 0.3 dpa). Also, a peak shift in radii frequency of Cr23Cs precipitates was observed
from 0.7 - 0.8 to 0.5 - 0.6 as compared to pre-irradiation. These trends indicate the dominance of
nucleation and growth, as well as and ballistic dissolution phenomena for the irradiated specimens.
Following 0.3 dpa neutron exposure, both inter-granular and intra-granular precipitates still
existed, indicating the desired radiation resistant response to enable effective point defect and He
trapping in multiple localities, as well as mitigating dislocation movement. The sphericity
evolution of the Cr23Cs precipitates in the 0.003 dpa specimen indicated a simultaneous precipitate
number reduction for volumes ranging from 100 — 350 um’® with lower sphericities (< 0.6) and a
precipitate number increase for volumes ranging from 100 — 250 um?® with higher sphericities (0.6
— 1.0), primarily due to ballistic dissolution. The sphericity evolution of Cr23Cs precipitates in the
0.3 dpa specimen demonstrated a precipitate number reduction in the volume range from 100 —
350 um? for sphericities <0.6 and an increase in the precipitate numbers within the volume range
of 100 — 250 um® for sphericities ranging from 0.6 to 1.0, due to the equilibrium between ballistic
dissolution and reprecipitation/growth phenomena.

In comparison, nucleation and growth, shrinkage, and growth were observed following
annealing at 600 °C for up to 32 h. The dominance of coarsening behavior, including the growth
of larger particles at expense of smaller precipitates (Ostwald ripening) was observed in annealed
specimens, indicated by the increase in normalized precipitate counts for all volume ranges and
the peak shift in the frequency distributions for radii ranging from 0.5 - 0.6 um (pre-annealing) to
1.0 - 1.1 pm (post-annealing at 32 h). The sphericity evolution of the Cr23Cs precipitates following
annealing at 600 °C for 32 h indicated an increase in the number of precipitates with volumes
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larger than 300 um?® and lower sphericity (<0.6), along with a simultaneous reduction in relatively
smaller precipitates (<200 um?®) with peak sphericities of 0.9-1.0, due to the coarsening behavior.

The current research elucidated geometrical precipitate evolution trends, as a function of
irradiation or annealing, and the corresponding mechanism(s) responsible for the evolution. The
4D geometrical and phenomenological results reported can be used to parameterize and validate
mesoscale models, as well as to potentially tailor a desired microstructure using neutron radiation
or thermal processes.

The HT-UPS steel was fabricated at Oak Ridge National Laboratory (ORNL) with the chemical
composition described in Table 2. Parallelepiped specimens of HT-UPS steel with dimensions ~
0.5 x~ 0.5 x 5-7 mm were fabricated for this study. Neutron irradiations and annealing treatments
were performed separately on specimens, as described in 44Table 3. Each specimen was uniquely
characterized via synchrotron p-CT before and after undergoing irradiation or annealing to capture
the evolution of the individual precipitates. Neutron irradiations were performed in the High Flux
Isotope Reactor at ORNL on two specimens to fluences of 0.003 dpa and 0.3 dpa corresponding
to 3.2 h and 320 h at 600 °C in reactor, respectively. A description of an analogous irradiation
device is found in McDuffee et al. [46]. The heat treatment experiment was performed on one
specimen annealed at 600°C for a total of 3.2 h, 6.4 h, and 32 h. The 3.2 h anneal corresponds with
the reactor residence time for the 0.03 dpa specimen. Each annealing step was followed by
synchrotron pu-CT imaging. Annealing cycles were carried out at 32 °C/min during heating and
110 °C/min during cooling.

Synchrotron p-CT imaging was performed at the Advanced Photon Source (APS) beamline
1-ID-E at Argonne National Laboratory. A comprehensive description of the beamline for
analogous p-CT measurements is given in Thomas et al. [ 18] and Hunter et al. [47]. The beam was
attenuated by the sample and then captured by a QImaging Retiga or Point Gray Grasshopper3
camera with an objective lens (x 10 or x 5) looking at a turning mirror to a 25 pm thick lutetium
scintillator. Propagation-based phase-contrast enhanced tomography [18] was utilized with a
sample to detector distance ranging from 50-70 mm. The pixel pitch is calculated from the camera
sensor pixel pitch and the objective lens and verified through known distance measurements. The
pixel pitch values are given in Table 3 for each experiment. Each specimen was imaged using a
monochromatic X-ray parallel beam while rotating the specimen from 0° to 360°. The radiographs
were converted to attenuation projections using the Beer-Lambert law and the light and dark
images [48]. The cross-sectional images of the sample were reconstructed using the RECON
software [49] via a filtered parallel back-projection method [50]. The resulting tomograph is a 3D
representation of the local attenuation encoded into discrete 32-bit voxels in mm™ stored as an
image stack, with slices perpendicular to the X-ray direction (z-direction).

To analyze the precipitate volume, size, and geometry, it is necessary to segment the
precipitates from the Fe-Cr-Ni matrix of HT-UPS steel, using model-based segmentation. Most
images can be modeled as a Gaussian random process. This construction is the basis for many

15



classical segmentation techniques, such as global thresholding, stem from as they try to separate
two distinct Gaussian processes from each other [51,52]. The simplest and most widely utilized
global threshold segmentation is ineffective in this study due to the small volume percent of the
second-phase precipitates (<1 volume %), which causes the attenuation distribution of the matrix
to overshadow that of the precipitates [51], thus producing a large quantity of false-positive
classifications from the matrix. The main limitation of the Gaussian construction of images is the
existence of edges between features, which are the focus of the model-based segmentation
technique presented in this study. Propagation-based phase-contrast radiographs rather than
classical absorption radiographs (taken at closest approach of the sample to detector distance) are
utilized to capitalize on the edge behavior to aid in segmentation. This technique reveals finer
detail in the boundaries between objects from the modulated intensity patterns caused by the phase
shifts in the X-ray as it passes through a boundary [53,54]. The current study utilizes the Sobel
edge filter [20] to identify potential features. This is followed by the iterative active contour
algorithm, which verifies the features and establishes boundaries utilizing a non-local mean
schema [21].

The sample background edge was identified utilizing the Sobel edge filter on the entire
image. The sample background edge image is then inputted into the Chan-Vese iterative area
contour algorithm [21] to separate the background from the sample. The results were eroded to
remove streaking artifacts from specimen edges, the boundary edges of the specimen, and the
background before further image processing.

To segment the precipitates from the matrix, a Sobel edge filter [20] was also applied,
excluding the background, sequentially in the z-direction to the tomographs to obtain input for the
Chan-Vese algorithm [21]. The Chan-Vese algorithm was applied sequentially in the z-direction
with a maximum of 300 iterations to produce a binary 3D segmentation image. Gaussian random
numbers with mean and variance derived from the maximum likelihood estimate of the specimen
were assigned to background voxels to avoid bias from the background.

After the segmentation, the total precipitate volume was determined by separation into
individual precipitates using a 26-voxel neighborhood classification algorithm. The volume of
each precipitate was calculated by counting the voxels that constituted the individual object and
converted into um using the pixel pitch. Precipitates with volumes of less than two voxels were
excluded in the volume distributions due to the theoretical resolution of the system. To investigate
precipitate evolution trends, the precipitate volume distributions were normalized based on the
specimen volume analyzed. The average or arithmetic mean of the precipitate volume was
calculated by taking the sum of all the precipitate volumes, x;, divided by the number of all
precipitates, N, given by ), x;/N. The standard deviation of the average was calculated using

\/ 2.(x; — w)?/N. The lognormal statistics of the precipitate volume were calculated by taking the
natural logarithm of the volume of each precipitate, x;, followed by calculating the average,

u =Y In(x;)/N, and the standard deviation, o = \/Z(ln(xi) — w)?/N, of the log values. The
lognormal mean was then calculated using el*9%/2 while the lognormal standard deviation was

calculated using \/ e@uto®)(eo? —1). To further quantify evolution trends, volumetric
measurements were converted to equivalent sphere radii (referred to as radii). The precipitate radii
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frequency distributions were calculated by taking the number of precipitates in a bin and dividing
by both the total amount of precipitates in the sample and the total volume of the sample.

The surface area was calculated with the adapted Crofton algorithm [55]. Traditionally,
the surface area has been calculated in a 3D discrete body by utilizing the marching cubes
method [56]. The marching cubes algorithm reconstructs an object from a 3D body utilizing
weighted sub-voxel triangles [56] to estimate surface area. As the surface is reconstructed
utilizing triangles rather than rounded edges, it overestimates the surface area. It is typically
assumed that a sphericity value of greater than 0.6 is perfectly spherical when using the marching
cubes method [57,58]. The adaptation of the Crofton method [55] does this differently by instead
using the Crofton formula to express perimeter and area utilizing intersections of discrete lines
onto a unit sphere projection [55]. This approach enables using a unit sphere projection rather
than a triangular projection. By utilizing the Crofton method for surface area, a more accurate
interpretation of surface area can be obtained without a positive bias in surface area, which is
prevalent in the marching cubes method [55,56]. The adapted Crofton algorithm results in a
perfectly spherical object with a sphericity of 1.0. The sphericity of each precipitate was then
calculated utilizing the volume of the object and the surface area to quantify morphological
changes. Each sample was analyzed utilizing the procedure described, and distributions of
volume and sphericity were calculated.

Precipitates with volumes less than six voxels were not included in the sphericity
distribution due to limitations of the adapted Crofton algorithm [55]. The Vv of each specimen
was calculated by taking the total volume of the segmented precipitates and dividing it by the
total volume of the specimen. The Sv of each specimen was calculated by taking the total surface
area of all the precipitates and dividing it by the total volume of the specimen.
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(d)

504 um

Figure 1. Sequential illustration of the precipitate segmentation procedure in HT-UPS steel using
synchrotron u-CT images. (a) A representative tomography slice of the pre-annealed specimen.
The gray value represents the attenuation coefficient of the material. (b) The same slice shown in
(a) after the application of the Sobel edge filter where the white regions represent the segmented
edges. (c) Binary image output obtained using edge input into an iterative area-contour Chan-Vese
segmentation algorithm. White regions correspond to the segmented precipitates. Figures 1 (d),
(e), and (f) illustrate the 3D representations of the specimen corresponding to the 2D tomography
slices shown in (a), (b), and (c), respectively.
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Figure 2. Three-dimensional segmentation of precipitate isosurfaces, represented as blue features,
obtained using p-CT depicting the evolution of precipitates in HT-UPS steel for (a) pre-irradiation
for 0.003 dpa and (b) post-irradiation to 0.003 dpa at 600 °C, (c) pre-irradiation for 0.3 dpa and
(d) post-irradiation to 0.3 dpa at 600°C, (e) pre-annealing, (f) post-annealing at 600 °C for 3.2 h,
(g) post-annealing at 600 °C for 6.4 h (h), and post-annealing at 600 °C for 32 h. The outlines
indicate the boundaries of the cropped regions of the analyzed sample volumes.
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Figure 3. Precipitate evolution phenomena in HT-UPS steel in selected specimen regions as a
function of irradiation at 600 °C for (a) pre-irradiation for 0.003 dpa, (b) post-irradiation to 0.003
dpa, (c) pre-irradiation for 0.3 dpa, and (d) post-irradiation to 0.3 dpa. Precipitate evolution
phenomena in selected specimen regions as a function of annealing at 600 °C for (e) pre-annealing,
(f) post-annealing for 3.2 h, (g) post-annealing for 6.4 h, and (h) post-annealing for 32 h.
Isosurfaces of the segmented precipitates are illustrated within the selected regions of the samples.
Marked instances of irradiation-induced precipitate evolution phenomena including nucleation and
growth, ballistic dissolution, shrinkage/dissolution, and growth/reprecipitation are indicated. For
the annealed samples, instances of nucleation and growth, shrinkage, and growth are indicated.
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Figure 4. Precipitate volumes of the in HT-UPS steel samples normalized by the specimen volume
characterized for: (a) pre-irradiation and post-irradiation of 0.003 dpa at 600°C, (b) pre-irradiation
and post-irradiation of 0.3 dpa at 600 °C, and (c) pre-annealing and post-annealing at 600 °C for
3.2 h, 6.4 h, and 32 h. Each point represents the center of a precipitate volume bin of 10 pm®. (d)
A representative example of the surface of an HT-UPS steel tomograph indicating precipitate
distribution in the 0.3 dpa specimen demonstrating the presence of both intergranular and
intragranular precipitates. The red color indicates precipitates in volume <50 pm?®, while the blue
color indicates precipitates in volume > 50 um?’.
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Figure 5. Frequency distributions of the equivalent sphere radii of precipitates in HT-UPS steel
for (a) pre-irradiation and post-irradiation to 0.003 dpa at 600 °C and (b) pre-irradiation and post-
irradiation to 0.3 dpa at 600°C. Frequency distributions of the equivalent sphere radii of the
precipitates in the samples for (c) pre-annealing and post-annealing at 600 °C for 3.2 h, 6.4 h, and
32 h.
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Figure 6. Evolution of the arithmetic mean precipitate radii for the HT-UPS steel specimens for
(a) neutron irradiated to 0.003 dpa and 0.3 dpa at 600 °C and (b) annealed at 600 °C for 3.2 h, 6.4
h, and 32 h. The blue and red lines represent the upper and lower bounds of the standard deviations
for (a) and (b), respectively.
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Figure 7. Bivariate distributions of precipitate volumes and sphericities in HT-UPS steel for (a)
pre-irradiation and (b) post-irradiation to 0.003 dpa at 600°C, (c) pre-irradiation and (d) post-
irradiation to 0.3 dpa at 600°C, and (e) pre-annealing and post-annealing at 600 °C for (f) 3.2 h,
(g) 6.4 h, and (h) 32 h.
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Table 1. Quantitative microstructural analysis of Cr23Cs precipitates in pre-irradiated and post-
irradiated and pre-annealed and post-annealed HT-UPS steel. The first three columns refer to
individual precipitate statistics while the last two comments refer to overall sample characteristics.

Lognormal

Mean Average Average Surface Area
Volume .2 Volume :
Specimen Volume (um’) + Sphericity Fraction per Unit
p (um®) £ + Standard Volume (Sv)
Standard .. (Vv) B
Standard e Deviation (mm™)
o Deviation
Deviation
Pre-irradiation 3.17+£2.79 4.10+£15.62  0.93+0.13 1.64% 45.90
0.003 dpa at 600°C 1.84+2.78 3.01+13.01  0.94+0.11 0.57% 15.22
Pre-irradiation 5.61£10.01 8.84+25.10  0.94+0.11 0.50% 9.20
0.3 dpa at 600°C 5.60+£13.91 7.03£16.29  0.94+0.12 0.49% 10.83
Pre-annealing 1.19+0.96 1.69+6.81 0.95+0.11 1.02% 34.38
600 °C for 3.2hr 1.32+1.02 1.77+6.80 0.9540.11 1.15% 40.20
600 °C for 6.4hr 1.21+£0.91 1.59+5.96 0.9540.11 1.23% 43.85
600 °C for 32hr 11.26+10.46  13.34+25.37  0.93+0.11 1.07% 19.73

Table 2. Chemical composition of HT-UPS steel.

Element Fe Ni Cr Mo Mn Vv Ti Nb Si C P N

Wt.% 6525 16.00 1391 259 2.00 053 028 0.11 0.11 0.06 0.04 0.02
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Table 3. Synchrotron micro-computed tomography image acquisition parameters for in HT-UPS

steel samples analyzed in this study, describing X-ray energy, quantity of views, pixel pitch,

sample-to-detector distance, and the range of angles of rotation.

Specimen

Energy Views

Pixel Pitch ~ Sample-to- detector

Rotation

(keV) (um) distance (mm) angular range

Pre-irradiation 64.0 601 0.746 70 0-360°
0.003 dpa at 600°C  71.7 1801 0.586 50 0-360°
Pre-irradiation 52.0 1801 0.746 70 0-360°
0.3 dpa at 600°C 71.7 1801 0.586 50 0-360°
Pre-annealing 71.7 1441 0.586 50 0-360°
600 °C for 3.2hr 71.7 1441 0.586 50 0-360°
600 °C for 6.4hr 71.7 1441 0.586 50 0-360°
600 °C for 32hr 71.7 3601 1.172 50 0-360°
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