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HIGHLIGHTS GRAPHICAL ABSTRACT

o Neutron irradiation effects are studied
in PM-HIP compared to forged SA508
low-alloy steel, following ~0.5-1.0 dpa
at ~270 °C and ~370 °C.

e PM-HIP more susceptible than forged to
Mn-Ni-Si-P nanoprecipitation and dislo-
cation loop nucleation due to higher
Mn, Ni concentration.

e Greater irradiation hardening and
embrittlement in PM-HIP than forged,
but PM-HIP retains higher ductility
through maximum load-bearing
capacity.

e Results can support nuclear code quali-
fication of PM-HIP products.
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ARTICLE INFO ABSTRACT
Keywords: Powder metallurgy with hot isostatic pressing (PM-HIP) is an advanced manufacturing process that is envisioned
Neutron irradiation to replace forging for heavy nuclear components, including the reactor pressure vessel (RPV). But PM-HIP

Low alloy steel
Powder metallurgy
PM-HIP
Irradiation effects

products must at least demonstrate comparable irradiation tolerance than forgings in order to be qualified for
nuclear applications. The objective of this study is to directly compare PM-HIP to forged SA508 Grade 3 Class 1
low-alloy RPV steel at two neutron irradiation conditions: ~0.5-1.0 displacements per atom (dpa) at ~270 °C
and ~370 °C. PM-HIP SA508 experiences greater irradiation hardening and embrittlement (total elongation)
than forged SA508. However, uniform elongation and approximate toughness are comparable across all irradi-
ated materials, suggesting irradiated PM-HIP SA508 exhibits superior ductility at maximum load-bearing ca-
pacity. The irradiation hardening mechanism is linked to composition rather than fabrication method. Since PM-
HIP SA508 has higher Mn and Ni concentration, it is more susceptible to irradiation-induced nucleation of Mn-
Ni-Si-P (MNSP) nanoprecipitates and dislocation loops, which both contribute to hardening. Conversely, the
forged material nucleates fewer MNSPs, causing dislocation loops to control irradiation hardening. These results
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show promise for the irradiation performance of PM-HIP SA508 and can motivate future nuclear code qualifi-
cation of PM-HIP fabrication for RPVs.

1. Introduction

Nuclear reactor pressure vessels (RPV) are Class 1 safety structures
preventing radioactive materials from entering the environment, and
are thus of paramount importance to the safe operation and sustain-
ability of the nuclear energy enterprise [1-3]. The RPV is irreplaceable,
underscoring the importance of maintaining its structural integrity
throughout its service life [1-9]. In commercial light water reactors
(LWR), RPVs will typically experience extreme environments combining
irradiation doses up to ~0.2-0.5 displacements per atom (dpa) by
end-of-life, high temperatures ~280-320 °C, high pressures, mechanical
stresses, and corrosive water [10]. These environments are even harsher
in advanced Generation IV nuclear reactors systems [11-13]. During
design-basis accident scenarios, the RPV must maintain sufficient
strength to withstand internal pressure and temperature excursions,
while maintaining high fracture and impact toughness during these
events

Despite the paramount importance of the RPV to reactor safety,
manufacturing of RPVs has been faced with numerous challenges. The
first generation of RPVs were fabricated in sections, then joined using
longitudinal and circumferential submerged-arc welds. But surveillance
specimens revealed greater irradiation hardening and embrittlement
along these weld seams [14]. To reduce the susceptibility of RPVs to
catastrophic through-wall cracking [15-19], later RPVs were forged in a
single piece, without welds. But globally, only a few facilities have the
capability to forge an entire RPV in one piece, resulting in long lead
times and exorbitant costs, making RPV fabrication the
rate-limiting-step for new nuclear construction. If new nuclear power
facilities are to be built to address global demands for low-carbon
electricity, alternatives to forging for RPV manufacture must be
identified.

Powder metallurgy with hot isostatic pressing (PM-HIP) is an
advanced manufacturing technology that densifies metallic powders
using a combination of high temperatures (~0.7Ty) and pressures
(>100 MPa) [20]. PM-HIP is attractive for nuclear RPVs because
throughput can be as high as that of metal injection molding, while
components >10 ton can be produced (~5 orders of magnitude greater
than the largest parts that can be fabricated by additive manufacturing).
Additionally, PM-HIP components are fabricated near-net shape,
reducing the need for post-processing, machining, and welding [21-23].
PM-HIP also eliminates casting and forging defects [24,25] such as
pinholes, blowholes, cold shuts, hot cracking, and surface cracking,
rendering the components easier to inspect for quality. At the micro-
structural level, PM-HIP grains are equiaxed and refined [26,27], with
limited intergranular segregation [28-32], owing to the sub-melting
temperature of the HIP process. This microstructural uniformity tends
to give PM-HIP components superior as-fabricated mechanical proper-
ties compared to castings and forgings [33-35,20,36].

PM-HIP is qualified alongside casting and forging, as an acceptable
fabrication route for ferritic and austenitic steel as well as Ni-based al-
loys for non-nuclear applications in the ASME Boiler and Pressure Vessel
Code (BPVC) Section II. The PM-HIP product of austenitic stainless steel
316L has recently become qualified for non-irradiation facing compo-
nents in nuclear reactors through ASME BPVC Section III. The nuclear
industry has growing interest in qualifying additional PM-HIP alloys for
nuclear service, including for irradiation-facing environments [24,25],
But nuclear code qualification requires demonstration of acceptable
irradiation performance of PM-HIP components comparable to fabrica-
tion methods already qualified (i.e., casting or forging) [25].

Thus far, limited studies have performed side-by-side comparisons of
the irradiation effects of PM-HIP and cast or forged nuclear structural

alloys. Amongst the most systematic studies are those from Clement,
etal. [26,27], who compared the irradiation performance of PM-HIP and
forged Alloy 625, a Ni-base alloy proposed for high temperature nuclear
components. Clement’s first study used ion irradiation to doses of 50 and
100 displacements per atom (dpa) to demonstrate that the initial
dislocation density was the major controlling factor governing differ-
ences in the irradiated microstructure evolution between PM-HIP and
forged variants. Later, Clement compared the same materials following
0.5-1 dpa neutron irradiation and found the PM-HIP Alloy 625 retained
superior irradiated mechanical properties, including tensile strength and
ductility [26]. The same neutron irradiation campaign [37] also
included specimens of 316L austenitic stainless steel and Grade 91
ferritic steel. After neutron irradiation of almost 4 dpa at ~380 °C, the
PM-HIP 316L exhibits lower irradiation hardening, greater strain
hardening capacity, and greater ductility than its cast counterpart [38].
In the Grade 91 steel, Ni-Mn-Si-rich nanoprecipitates nucleate during
~1 dpa, 390 °C neutron irradiation, but these nanoprecipitates are
smaller and less dense in the PM-HIP than in the cast variant [38]. From
these limited data sets in high-alloyed materials, PM-HIP shows promise
for favorable irradiation performance in comparison to its cast or forged
counterparts.

The irradiation performance of RPV steels, typically low-alloy steels,
has been the subject of tremendous research for more than a half-century
[1,3]. Phenomena such as irradiation hardening [39] and embrittlement
[9,40,41] are well understood, and linked to irradiation-induced dislo-
cation loops and nanoprecipitates. But to the authors’ knowledge, there
has only ever been one report of irradiation effects in PM-HIP RPV steels,
from Carter et al. [42]. They conducted neutron irradiation of PM-HIP
SA508 to 0.1 dpa at ~155 °C, then used nanoindentation to identify
greater hardening in the ferrite phases than in the bainite phases,
attributed to the higher tendency for solute nanoprecipitation in ferrite
[42]. Nevertheless, these irradiation effects in PM-HIP SA508 have not
yet been directly benchmarked against a cast or forged material.

The objective of the current study is to compare side-by-side the
neutron irradiation performance of PM-HIP to forged SA508 Grade 3
RPV steel. SA508 is a Ni and Mo modified low-alloy steel developed for
its formability, but early grades exhibit limited toughness and suffer
from reheat cracking [43]. SA508 Grade 3 has lower C, Cr, and Mo
content to limit reheat cracking and Mn additions for improved strength
[6]; it is standard RPV steel in the United States and China. In this study,
PM-HIP and forged variants that are compliant with ASTM specifications
for SA508 Grade 3 are neutron irradiated to nearly identical conditions
over the dose range ~0.5-1 dpa and temperature range ~270-400 °C.
Uniaxial tensile testing and fractography provide insight into the me-
chanical implications of irradiation. The irradiated microstructure is
characterized across a range of length scales, spanning from the
grain/phase scale through the nanoprecipitate or solute nanocluster
length scale. The structure-property relationships are established for
both the PM-HIP and forged variants, and microstructural mechanisms
underlying the relative irradiation susceptibilities of both materials are
discussed in the context of their chemical differences. The paper will
conclude with a discussion on the readiness of PM-HIP RPV steels for
nuclear qualification.

The relevance of the doses and dose rates studied herein is worth
noting, since they exceed typical LWR RPV fluxes and end-of-life flu-
ences. Reduced-order models used by regulatory bodies to predict of
RPV steel embrittlement (AT¢), such as the Eason, Odette, Nanstad,
Yamamoto (EONY) model, are based on the United States surveillance
database which lacks experimental data points at high fluences >10'° n/
em? [1]. Consequently, these models increasingly underpredict irradi-
ation embrittlement with increasing fluence [1]. This is particularly
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problematic for accurately evaluating the safety and feasibility of LWR
life extensions to 80+ years, which requires data at fluences up to 10%°
n/cm? or higher [1]. The present study can help to fill this critical gap in
high-fluence RPV irradiation performance data. In addition, the high
fluxes and high fluences in the present study can also be relevant for
test/research reactors, small modular reactors, and some advanced
reactors.

2. Experimental methods
2.1. Materials and irradiation

Ingots of PM-HIP and forged SA508, Grade 3, Class 1 steels were
provided by the Electric Power Research Institute (EPRI). To fabricate
the PM-HIP ingot, gas atomized SA508 powders were mixed and filled
into a canister that was outgassed, welded closed, then underwent HIP at
103 MPa pressure at 1121 °C for 4 h. Subsequently, the PM-HIP ingot
was solution annealed (1121 °C for 2 h followed by water quenching),
normalized (899 °C for 10 h followed by water quenching), and subse-
quently tempered (649 °C for 10 h followed by air cooling). The forged
ingot underwent the identical solution anneal, normalization, and
tempering treatment. The chemical compositions of the PM-HIP and
forged samples were analyzed using inductively coupled plasma atomic
emission spectroscopy (ICP-AES), Table 1. Both materials are consistent
with the ASTM specification for SA508 Grade 3, except for having lower
Mo composition.

The PM-HIP and forged ingots were sectioned into two different
specimen geometries for neutron irradiation: round tensile bars and
circular discs. Round tensile specimens conformed to ASTM E8 stan-
dards, with a nominal gauge length of 31.75 mm and diameter of 6.35
mm. The tensile bars were machined at Idaho National Laboratory (INL)
using computer numerical control machining to a surface roughness of
3.2 pm. Disc-shaped specimens had a diameter of 3 mm and thickness of
0.15 mm. The discs were prepared at INL using wire electrical discharge
machining with subsequent hand polishing to a mirror finish. Compre-
hensive specimen drawings are provided in ref. [44].

The tensile bars and disc specimens were loaded into drop-in cap-
sules for irradiation in the Advanced Test Reactor (ATR) at INL. Irradi-
ation was performed during ATR cycle 164A, which ran for 54.9
effective full power days (EFPD), with target irradiation temperatures of
300 °C and 400 °C, and a target dose of 1 displacement per atom (dpa). A
general-purpose Monte Carlo N-Particle (MCNP) transport code, MCNP5
release 1.40, was used to calculate the actual as-run irradiation doses
accumulated on the specimens [45]. The total neutron flux was 8.1 x
10 n/cmz-s, with fast (>1 MeV) flux component of 1.6 x 10'% n/cm?ss.
The effect of y flux was included as y-heating in the target temperature
estimation but was not considered in the dose estimate since photons
generally create negligible displacement damage in metallic alloys.

Four irradiated disc specimens and six irradiated tensile bars were
selected for microstructural and mechanical characterization, respec-
tively; unirradiated tensile and disc specimens were also studied as
controls. The actual doses and temperatures for each specimen are given
in Table 2 and were calculated in ref. [37] using Monte Carlo N-Particle
transport code MCNP5 and finite element analysis code ANSYS,
respectively. Actual doses ranged 0.53-1.00 dpa (fluence ~1.76 x 10*°
n/cm?), with an average dose of 0.8340.17 dpa, corresponding to a dose
rate range of 1.0-1.8 x 1077 dpa/s. The target 300 °C specimens
experienced an actual temperature range of 265-286 °C, with an
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average temperature of 27449 °C. The target 400 °C specimens expe-
rienced a temperature range of 343-388 °C, with an average tempera-
ture of 371+16 °C. Henceforth, the actual as-run doses and temperatures
will be used to describe specimens. Details of the irradiation experi-
ments, including the dose and temperature calculations, and the
meaning of the specimen ID numbers given in Table 2, are compre-
hensively explained in [44].

2.2. Mechanical testing

Quasi-static uniaxial tensile testing of the unirradiated and irradiated
specimens were carried out in accordance with ASTM standard E8.
Tensile testing was conducted on the Remote Operated Instron 5869
screw-driven load frame at the Hot Fuel Examination Facility (HFEF)
Main Cell Window 13 M at the Materials and Fuels Complex (MFC) at
INL. For the round tensile bars herein, threaded buttons are used on both
ends of the tensile bar, onto which the instrument can grip. Tensile tests
were conducted at room temperature in an argon (Ar) environment with
a crosshead speed of 0.279 mm/min, corresponding to a strain rate of
1.5 x 10~* 571, Complete details of the tensile testing are provided in
[46].

Before conducting the tensile tests reported herein, two redundant
irradiated specimens of the PM-HIP material were placed in the Instron
load frame. Both of those specimens broke at the threads due to their
irradiation embrittlement, rendering them untestable and essentially
wasting these specimens. To preserve the remaining irradiated speci-
mens without risking them fracturing at the threads, the threaded but-
tons were placed lower on the tensile bars than usual and the
extensometer was placed on the grips; stress-strain data was checked to
ensure no load drops that would be indicative of grip slipping. This
allowed for accurate measurement of yield strength and ultimate tensile
strength, but compromised the Young’s modulus measurements. Addi-
tionally, ductility measurements needed to be adjusted for compliance
of the grip. To confirm that fracture was achieved in the gauge section,
all broken specimens were visually examined after fracture using optical
and scanning electron microscopy (SEM).

Irradiation hardening (Acy) was determined from the resultant
stress-strain curves as the increment in yield strength induced by irra-
diation, that is, Aoy, = 6y i — Oy unirr, Where 6y i and oy i are the yield
strength before and after irradiation, respectively. Following tensile
testing, fractography was conducted using a Tescan Lyra3 SEM at HFEF
at INL.

2.3. Scanning and transmission electron microscopy

Unirradiated control specimens were prepared for microscopy by
mechanical grinding with SiC paper, polishing through 1 pm diamond
paste, electropolishing, then etching. Electropolishing was conducted
using a solution of HClO4:CoHgO at a 1:9 volume ratio, at 20 V and a
temperature of —25 °C using a Buehler ElectroMet-4 polisher. Etching
was conducted by immersion in 4 vol.% Nital. Preparation of the irra-
diated disc samples for microscopy involved electrochemical polishing
in a solution of HClIO4:CoHgO at a 1:7 volume ratio, at 18 V and a
temperature of —17.5 °C using a Struers TenuPol-5 electropolishing
system at the MFC of INL. The disc specimens were then sent to the
Microscopy and Characterization Suite (MaCS) at the Center for
Advanced Energy Studies (CAES) for SEM and TEM characterization.

Grain and phase structural characterization was conducted using

Table 1

Chemical compositions (in wt%) of the investigated SA508 specimens, compared to ASTM specification for SA508 Grade 3.
Alloy C Si Mn Ni Cr Mo A P S Fe
PM-HIP 0.01 0.21 1.39 0.79 0.18 0.37 - 0.002 0.005 Bal.
Forged 0.02 0.31 1.46 0.50 0.21 0.26 0.01 0.003 0.007 Bal.
ASTM Specification <0.25 0.15-0.40 1.20-1.50 0.40-1.00 <0.25 0.45-0.60 <0.05 <0.025 <0.025 Bal.
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Summary of neutron irradiation conditions for the PM-HIP and forged SA508 specimens (specimens marked with * indicate pairs of duplicate specimens intended for

statistical confidence).

Alloy Type Specimen ID (see [44]) Target dose (dpa) Target temp. (°C) Actual dose (dpa) Actual average temp. (°C) Actual maximum temp. (°C)
PM-HIP Tensile 101 1 300 0.54 266 273
PM-HIP Disc 104 1 300 0.69 286 286
PM-HIP Tensile* 401 1 400 0.97 343 360
PM-HIP Tensile* 402 1 400 1.00 365 375
PM-HIP Disc 431 1 400 0.97 388 389
Forged Tensile 206 1 300 0.83 270 281
Forged Disc 110 1 300 0.69 286 286
Forged Tensile* 501 1 400 0.96 362 379
Forged Tensile* 502 1 400 0.98 385 395
Forged Disc 437 1 400 0.95 384 384

SEM in bacskscatter electron (BSE) mode. Ferrite and bainite phases
were distinguished based on their contrast in BSE mode, in which ferrite
phases present as dark contrast while bainite phases are decorated with
light-contrasting proeutectoid cementite [47]. Grain and phase sizes
were determined using ASTM E112-13 on a minimum of 10 images from
each material condition (corresponding to >250 grains counted for each
condition) to ensure measurements represented the overall microstruc-
ture. For the unirradiated control specimens, this SEM characterization
was conducted using a ThermoFisher Helios G4 UX dual-beam SEM/-
focused ion beam (FIB) at Purdue University. For the irradiated speci-
mens, this SEM characterization was conducted using a ThermoFisher
(formerly FEI) Quanta 3D FEG dual-beam SEM/FIB at MaCS, CAES.

Lamellae for TEM analysis were extracted from both the unirradiated
and irradiated specimens using the FIB lift-out method following typical
protocols [48,49]. Before FIB cutting, a platinum layer was deposited on
the sample surface to prevent possible surface damage caused by Ga™
implantation and sputter erosion during ion milling. To minimize
FIB-induced damage, low energy cleaning using a 2 keV Ga™ beam was
applied to TEM lamellae as the final preparation step. Unirradiated FIB
work was conducted on the Helios G4 UX SEM/FIB at Purdue, while the
irradiated FIB work was conducted on the Quanta 3D FEG SEM/FIB at
MacCS, CAES.

TEM characterization focused on precipitates and dislocation loops.
Precipitate characterization was conducted using high resolution scan-
ning transmission electron microscopy (HR-STEM), with fast Fourier
transformation (FFT) to discern crystallinity. Note the precipitates were
too small to identify their crystal structures via selected area electron
diffraction (SAED). The FFT patterns were taken from only the precip-
itate region, and all HR-TEM imaging of the precipitates was taken at a
consistent magnification to ensure that any crystallinity changes cannot
be ascribed to artifacts. Dislocation loops were imaged using the bright
field (BF) STEM technique [50-53] due to its relaxed diffraction con-
ditions caused by the convergent beam under BF-STEM, enabling
simultaneous imaging of all loop orientations, thus simplifying the
quantification of the total loop number density. This technique allows
for rapid imaging with strong contrast, as compared to conventional
methods (e.g., two-beam and weak-beam dark field imaging [54,551), as
well as high statistical accuracy [56-58]. In this work, BF-STEM mi-
crographs were consistently collected from the [011] zone axis for
quantitative analysis of dislocation loops. To calculate volumetric loop
number densities, the average thickness of each TEM lamella was
measured by electron energy loss spectroscopy (EELS) in energy-filtered
TEM mode [59]. Voids were sought using through-focus BF-TEM im-
aging, meaning that voids (if present) would be identifiable as features
exhibiting opposite contrast in over-focused conditions than in
under-focused conditions. However, no voids could be identified. The
unirradiated specimen TEM work was done on a ThermoFisher
(formerly FEI) Talos 200X transmission electron microscope (TEM)
operated at 200 kV equipped with a high-angle annular dark field
(HAADF) detector and a Super-X energy dispersive x-ray spectroscopy
(EDS) system at Purdue University. The irradiated TEM work was

conducted using a ThermoFisher (formerly FEI) Tecnai TF30-FEG STwin
TEM operating at 300 kV equipped with a HAADF detector for use in
STEM mode at MaCS, CAES. Unirradiated specimens were also imaged
by BF-STEM on the ThermoFisher Tecnai TEM at MaCS, CAES, to
establish a Dbaseline to ensure that features counted as
irradiation-induced dislocation loops are not merely FIB artifacts.

2.4. Atom probe tomography

The electropolished irradiated disc specimens and unirradiated
control specimens used for TEM characterization were also used for
atom probe tomography (APT). Similar FIB lift-out procedures were
followed to prepare APT needles on the ThermoFisher Quanta 3D FIB/
SEM at MaCS. After lift-out of the lamella, it was sliced into ~6 needles,
each of which was welded onto a Si post on an APT coupon. Top-down
annular FIB milling was used to shape each needle to a final diameter of
~50 nm at the tip. To remove FIB damage introduced during annular
milling, low energy annular cleaning using a 2 keV Ga™ beam was
applied as the final step.

APT needles were run on a Cameca LEAP 4000X HR local electrode
atom probe operated in pulsed-laser mode at a specimen temperature of
50 K, with a pulse repetition rate of 200 kHz and a focused laser beam
energy of 60 pJ. Detection rate was between 0.5 % and 1 % of all ions per
field evaporation pulse. Datasets containing 10-20 million ions were
acquired from a minimum of two needles for each irradiation condition.
APT data reconstruction and analysis were carried out using the Cameca
APSuite commercial software. Cluster analysis was performed using the
maximum separation method [60,61] to estimate the size, volume
fraction, and number density of nanoprecipitates. In the cluster analysis,
parameters of dyax = 0.57-0.87 nm and Ny, = 12-27 were used, where
dmax is the maximum separation distance between solute atoms for
cluster identification and Ny, is the minimum number of solute atoms
in a cluster. The cluster size (r) and number density (n,) were deter-
mined following standard procedures established in ref. [62,63]; to
enable replication of this study, these methods are described in the
Supplementary Information.

3. Results
3.1. Tensile properties & fractography

The room-temperature engineering stress-strain curves of the unir-
radiated and irradiated PM-HIP and forged SA508 pressure vessel steels
are presented in Fig. 1(a). Tensile properties including yield strength
(YS), ultimate tensile strength (UTS), uniform elongation (UE), total
elongation (TE), toughness (T), and irradiation hardening (Aocy) deter-
mined from these stress-strain curves are summarized in Table 3. The
mechanical behavior of the PM-HIP material is striking even before
irradiation. The unirradiated PM-HIP specimen exhibits ~120 MPa
higher YS and ~180 MPa higher UTS without significant loss of UE and
TE as compared to the reference forged material. Mechanical behaviors
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Fig. 1. (a) Room temperature tensile engineering stress-strain curves for the PM-HIP and forged SA508 samples exposed to different irradiation conditions, and (b)

quantitative comparison of irradiation hardening (Aocy).

Table 3
Room temperature tensile properties of unirradiated and irradiated PM-HIP and
forged SA508.

Alloy Irradiation YS UTS UE TE T(10®  Agy
Conditions (MPa) (MPa) (%) (%) J/ (MPa)
m>)
PM- unirradiated 538 750 8.1 18.0 1.17 -
HIP
PM- 266 °C, 0.54 1137 1233 4.2 6.3 0.74 599
HIP dpa
PM- 343°C, 0.97 1111 1203 5.2 9.6 1.00 573
HIP dpa
PM- 365 °C, 1.00 1111 1205 4.6 9.5 0.98 573
HIP dpa
Forged  unirradiated 419 570 9.6 20.1 1.00 -
Forged 270 °C, 0.83 679 771 7.2 15.3 1.02 260
dpa
Forged 362 °C, 0.96 701 788 4.7 12.1 0.83 282
dpa
Forged 385 °C, 0.98 659 758 7.2 16.6 1.12 240
dpa

between PM-HIP and forged materials deviate even more after
irradiation.

Exposure of both the PM-HIP and forged materials to irradiation
consistently results in yield and tensile strength increases, leading to
hardening (Fig. 1(b)), with a reduction in ductility. The PM-HIP speci-
mens show significantly higher strength increases than those of their
conventional forged counterparts. Specifically, PM-HIP YS and UTS in-
crease by ~450-600 MPa, while forged YS and UTS increase by only
~190-280 MPa, across all irradiation conditions studied. Collectively,
these results suggest more severe irradiation hardening in the PM-HIP
than in the forged material.

The effects of irradiation on ductility and toughness, however, do not
necessarily follow irradiation hardening trends. That is, TE of the irra-
diated PM-HIP specimens (6.3-9.6 %) is almost half the TE of the irra-
diated forged specimens (12.1-16.6 %). However, UE after irradiation is
relatively consistent across both fabrication methods, ranging 4.2-5.2 %
in the PM-HIP specimens and 4.7-7.2 % in the forged specimens. These
results point to two key trends. First, under irradiation, TE to fracture is
severely compromised in the PM-HIP material compared to the forging.
But second — and more critical to the establishment of reactor opera-
tional safety margins — the irradiated PM-HIP and forging exhibit com-
parable ductility through their respective maximum load-bearing
capacities. In addition, the approximate toughness (determined by
integrating area under the stress-strain curves) is relatively comparable

between the PM-HIP and forged specimens across all irradiation con-
ditions, ranging ~0.74-1.17 x 10%® J/m™ for PM-HIP compared to
~0.82-1.12 x 108 J/m™ for the forged specimens. Although PM-HIP
SA508 may be more susceptible to irradiation hardening and reduc-
tion in TE than the forged material, the PM-HIP exhibits comparable
resistance to fracture and embrittlement at maximum load.

Mechanical property trends as a function of irradiation dose or
temperature are difficult to extract since limited data are available. In
the PM-HIP material, YS, UTS, and hardening all tend to increase with
decreasing irradiation temperature. This trend is evident despite the
dose at the lowest temperature (266 °C, 0.54 dpa) being almost half the
dose at the two higher temperatures (343 and 365 °C, ~1 dpa). Mean-
while, in the forged material, YS, UTS, and irradiation hardening appear
to peak, and ductility appears to dip, at the middle temperature (362 °C,
0.96 dpa). This may partly be attributed to the higher phase fraction of
the harder, less ductile bainite phase in the forged disc specimen irra-
diated to 0.95 dpa at 384 °C. which will be shown in Section 3.2 (noting,
of course, the large uncertainty on irradiation temperatures and doses).
Elongation and hardening are inversely related in both the PM-HIP and
forged materials; that is, specimens with high irradiation hardening tend
to have lower elongation, and vice versa. Hence, TE and UE trends as a
function of irradiation temperature are mirror opposites of those
described for hardening. In sum, these trends suggest the possibility that
the irradiation hardening and embrittlement regime may shift to lower
temperatures for PM-HIP compared to forged materials, although one
must also consider the context that standard deviations on as-run tem-
peratures are +£39 °C [44].

Fig. 2 shows the fracture surfaces of PM-HIP and forged SA508
following 343 °C, 0.97 dpa (specimen ID 401) and 385 °C, 0.98 dpa
(specimen ID 502) irradiation. The fracture surface of the PM-HIP ma-
terial exhibits a relatively flat surface characteristic of brittle fracture;
higher magnification imaging shows the fracture surface is dimple-free.
Meanwhile, the forged material exhibits a combination of a relatively
flat region in the center of the tensile bar with cup-cone like features
around the periphery of the bar, suggesting a combination of brittle and
ductile fracture modes. Higher magnification imaging reveals some
dimpling. These fracture surface characteristics corroborate the tensile
testing results in which this PM-HIP tensile bar exhibits 573 MPa irra-
diation hardening and 9.6 % TE compared to this forged tensile bar
which exhibits only 240 MPa hardening and 16.6 % TE.

To the authors’ knowledge, only one previous publication has
characterized the irradiation hardening of PM-HIP RPV steel. Carter
et al. [42] measures an average oy increase of ~56 % (i.e., 1.94 GPa
irradiation hardening measured by nanoindentation) for PM-HIP SA508
steel after 0.1 dpa neutron irradiation at ~155 °C. By contrast, the
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Fig. 2. Fracture surface images of (a-c) PM-HIP SA508, following 343 °C, 0.97 dpa irradiation (specimen ID 401) and (d-e) forged SA508, following 385 °C, 0.98 dpa
irradiation (specimen ID 502). For each fabrication method, the series of images are shown in order of increasing magnification, from the hot cell camera, SEM, and

higher magnification SEM.

irradiation hardening of a conventionally fabricated RPV steel irradiated
to the identical dose of 0.1 dpa at 290-295 °C experiences only 29 %
increase in oy (~140 MPa measured by uniaxial tensile testing) [64].
Recall the results of the present study show ~106 % increase in oy
(~570-600 MPa hardening) in the PM-HIP alloy, compared to ~60 %
increase in 6y (~240-280 MPa hardening) in the forged alloy. Although
the magnitudes of hardening herein exceed those in the aforementioned
references — by virtue of their ~10x greater irradiation dose - a
consistent trend emerges for PM-HIP RPV steels to exhibit more irradi-
ation hardening than conventionally fabricated RPV steels under similar
irradiation conditions.

Limited studies have measured irradiation hardening in RPV steels at
doses in excess of LWR lifetime doses, i.e., ~0.15 dpa. One such study
from Byun and Farrell, uses uniaxial tensile testing to measure irradia-
tion hardening of ~450-550 MPa for A533B RPV steel neutron irradi-
ated to ~1 dpa at <200 °C [65]. These values fall into reasonable
agreement with hardening magnitudes at similar doses in the present
study, which is surprising since irradiation hardening is generally more
extreme at <200 °C than at the temperatures studied here. However, the
similar hardening values may be reconciled by the higher dose rate in
the current study, which limits the extent of point defect recombination
at sinks, leaving more defects (and defect clusters) in the matrix to cause
hardening in the present study. This phenomenon has been originally
described in the widely accepted Mansur temperature shift theories,
which show that with increasing dose rate (flux), higher irradiation
temperatures must be employed in order to achieve consistent micro-
structure evolution [66,67]. The use of Mansur’s temperature shift
theories herein is justified, as these theories have been applied exten-
sively to irradiation-induced dislocation loop and nanoprecipitate evo-
lution in RPV steels and higher-alloyed bcc ferritic steels [1,68-72].

Byun and Farrell suggest that irradiation hardening saturates by a
dose of only 0.03-0.05 dpa [65]. These saturation doses are consistent
with those predicted by Odette, Morgan, and coworkers using classical
empirical models as well as modern machine learning models of irra-
diation hardening [1,73-75]. But contrary to these predictions of satu-
ration, other studies have provided competing evidence of the
possibility that hardening accelerates at high doses due to factors
including late blooming phases, thermal aging, re-irradiation after
annealing, and the expanding RPV beltline [76]. Given the sensitivity of
RPV steel phase evolution and hardening to irradiation temperature,
dose rate, and bulk composition, results from the present study are
inconclusive as to whether saturation of hardening has occurred.

3.2. Phases and precipitation

The unirradiated PM-HIP and forged SA508 both exhibit a dual-
phase microstructure comprised of ferrite (@) and bainite (ay) grains,
which evolve during irradiation as shown in Fig. 3(a—c) for PM-HIP and
Fig. 3(d-f) for forged. The PM-HIP material is comprised of 74 % bainite,
26 % ferrite, while the forged material is comprised of 49 % bainite, 51
% ferrite. In both materials, the bainite phase fraction generally tends to
decrease with irradiation, while the ferrite phase fraction increases, as
summarized in Table 4. Initially, the PM-HIP material has bainite grain
size of ~8.8 pm, and ferrite grain size of ~3 um, whereas the initial
forged material has statistically identical bainite and ferrite grain sizes
~10 pm. After irradiation, bainite grain size tends to decrease in both
materials, Fig. 3(g), while ferrite grain size tends to increase, Fig. 3(h).
Since ferrite is the higher-temperature phase than bainite on the Fe-C
phase diagram, and since irradiation tends to accelerate phase trans-
formation kinetics [77-79], it is reasonable that ferrite grains may grow
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Fig. 3. SEM images showing ferrite and bainite phase microstructure in unirradiated and irradiated (a-c) PM-HIP and (d-f) forged SA508, with quantitative evolution
of sizes of (g) bainite grains, (h) ferrite grains, and (i) all grains across all material and irradiation conditions.

Table 4
Quantitative summary of microstructural evolution, including grain and phase structure, pre-existing precipitates, dislocation loops, and MNSPs for PM-HIP and forged
SA508.

Unirradiated 286 °C, 0.69 dpa ~386 °C, ~0.95 dpa
PM-HIP Forged PM-HIP Forged PM-HIP Forged
Grain and Phase Structure Bainite phase fraction 0.74 + 0.08 0.49 + 0.07 0.39 + 0.14 0.24 + 0.09 0.30 + 0.08 0.49 + 0.11
Ferrite phase fraction 0.26 = 0.08 0.51 = 0.07 0.61 +0.14 0.76 = 0.09 0.70 = 0.08 0.51 £0.11
Bainite grain size (um) 8.83 + 1.60 9.78 £ 1.72 3.58 £ 1.36 4.77 £ 2.17 3.52 £ 0.95 11.0 £ 2.71
Ferrite grain size (um) 3.08 +£1.07 10.1 +£1.74 5.56 + 1.49 15.0 £ 4.21 8.20 +1.21 11.3 £ 2.73
Overall grain size (um) 6.08 = 0.92 10.1 £1.13 4.68 + 0.82 10.6 + 3.00 5.92 + 0.64 11.2+1.31
Precipitate Length (nm) 49+6 101 +6 43+ 4 103+ 7 48+ 3 105+ 9
Dislocation Loops Loop size (nm) - - 3.90 + 0.09 6.39 + 0.18 6.19 + 0.45 9.28 + 0.18
Number density (102> m~3) - - 15.04 + 0.77 1.81 + 0.29 8.40 + 0.59 1.22 + 0.07
MNSPs Radius (nm) - - 2.01 £ 0.60 2.18 = 0.60 2.25 +£0.79 2.56 = 0.70
Number density (10%* m~®) - - 3.70 + 0.44 2.60 + 0.26 0.86 + 0.04 0.47 + 0.03
Volume fraction (%) - - 16.13 + 0.13 13.83 + 0.04 5.52 + 0.08 3.47 £+ 3.47
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while bainite grains may shrink. The forged specimen irradiated at 0.95
dpa, 384 °C is an exception, exhibiting statistically unchanged bainite
grain size and phase fraction compared to the unirradiated material. The
explanation for these behaviors is discussed further in Section 4.2.

Because phase size and phase fraction evolve simultaneously during
irradiation, the overall grain size (i.e., weighted average of phase sizes)
remains statistically unchanged throughout irradiation, Fig. 3(i). Spe-
cifically, the PM-HIP material overall grain size ranges from 4.68 to 6.08
um, while the forged material overall grain size ranges from 10.1 to 11.2
um. Since the ferrite phase exhibits greater irradiation hardening than
the bainite phase [42], the remainder of microstructure characterization
in this study focuses on the ferrite phase.

Higher magnification TEM imaging and EDS line scans in the ferrite
phases reveals distinct precipitation in the PM-HIP compared to forged
specimens, Fig. 4. The needle-like precipitates in forged SA508 have
average length 101 + 6 nm, Fig. 4(d), and are believed to be Mo2C
precipitates typical in bainitic ferrite [5,80]. Fig. 5(a-c) shows a
ferrite-bainite interface with an EDS line scan over a selected precipi-
tate. Meanwhile, the PM-HIP SA508 exhibits spheroidal Mn-Al-rich
oxides of average diameter 49 + 6 nm, Fig. 4(a) (micrographs and
EDS line scan are provided in Fig. 5(a—c)). Similar oxides have also been
observed in PM-HIP SA508 by Carter et al., who suggests these oxides
are induced by the HIP manufacturing process [42]. Retained oxide
precipitates are not uncommon in PM-HIP metals [81-84], and often
take the form of spheroidal precipitates [42]. The precipitates in forged
SA508 tend to be heterogeneously distributed, principally along grain
boundaries, while the precipitates in PM-HIP SA508 are more uniformly
dispersed throughout the grain interiors. The average precipitate sizes in
the forged and PM-HIP materials are statistically unchanged by both 300
°C and 400 °C irradiation, as reported in Table 4.

HR-STEM characterization of the spherical oxide and needle-like
precipitates reveals greater insight into their morphological and

286°C;0.69 dp
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structural evolution under irradiation, Fig. 6. Prior to irradiation, both
the PM-HIP and forged precipitates are crystalline, as confirmed by
lattice fringes in the PM-HIP oxide as well as defined diffraction spots in
the FFT of both the oxide and needle-like precipitate. After irradiation to
0.95 dpa, 384 °C, the needle-like precipitate in the forged material re-
tains its diffraction spots indicative of crystallinity. However, after 0.97
dpa, 388 °C irradiation, the oxide precipitate in the PM-HIP material
exhibits amorphization. Although crystallinity is not checked in the 0.69
dpa, 286 °C irradiated specimens, irradiation-induced amorphization of
oxide and intermetallic precipitates tends to be suppressed with
increasing temperature [85], suggesting amorphization may occur even
more readily in the lower temperature specimens. Additionally, to the
authors’ knowledge, irradiation-induced structural changes of the re-
sidual oxide particles in powder-based metallic alloys have not previ-
ously been studied. However, irradiation-induced amorphization is
common in the oxide particles within oxide dispersion strengthened
(ODS) alloys [86].

3.3. Dislocation loops

Fig. 7 shows the evolution of dislocation loops in neutron irradiated
PM-HIP and forged SA508 at all irradiation conditions studied. Unirra-
diated specimens are also shown under identical imaging conditions to
demonstrate that features counted as irradiation-induced dislocation
loops (arrowed in Fig. 7) are not FIB artifacts. For both alloys, loop sizes
increase and number densities decrease with increasing irradiation
temperature, Table 4. Quantitatively, the loop size for PM-HIP SA508 at
0.69 dpa, 286 °C is roughly half that of forged SA508 at the same irra-
diation conditions (3.90 nm compared to 6.39 nm). At ~0.95 dpa, ~385
°C, loop sizes in both alloys increases by a factor of about 1.5, which is
likely attributed to both the higher temperature and dose. Meanwhile,
the number density for PM-HIP SA508 at 0.69 dpa, 286 °C is ~8 times

Fig. 4. TEM micrographs of residual processing-induced precipitates in (a-c) PM-HIP and (d-f) forged SA508. (a,d) Unirradiated micrographs taken by STEM,; (b,c,e,f)

irradiated micrographs taken by HAADF. Example precipitates marked by arrows.
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Fig. 5. Scanning electron microscope (SEM) image of a ferrite-bainite phase boundary in unirradiated (a) PM-HIP and (d) forged SA508. Boxed region is shown at
higher magnification revealing (b) spherical precipitates in PM-HIP and (e) needle-like precipitates in forged. SEM energy dispersive x-ray spectroscopy (EDS) line
scans over selected precipitates [red line marked in (b,e)] reveal the composition of the precipitates is (c) Mn-Al oxide in PM-HIP and (f) Mo-Cr carbide in forged. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that of forged SA508 (15.04 x 1022 m3 compared to 1.81 x 10%2 m‘3)
under the same conditions. Number densities in both alloys decrease by
nearly half at ~0.95 dpa, ~385 °C.

These loop number densities are an order of magnitude (or more)
higher than those reported in the vast majority of RPV steel literature,
typically on the order of ~10%°-10?! m™ at irradiation temperatures
~300-400 °C (e.g., refs. [87-91]). However, much of the RPV steel
literature considers LWR lifetime-relevant irradiation doses,
~0.01-0.15 dpa. Only a few studies have reported on microstructure
evolution in RPV steels at doses >0.5 dpa. One such study from Jiang,
etal. [92] reports 3.9 + 1.2 nm diameter loops at a density of 3.7 x 10?2
m~> in A508-3 RPV steel after 1.0 dpa, 240 keV proton irradiation at
~100 °C. Similarly, Fujii and Fukuya [21] and Watanabe, et al. [62]
conduct 2.4-3 MeV heavy ion irradiation of A533B RPV steel to doses of
1-2 dpa at 290 °C and observe 2-2.5 nm diameter loops at number
densities of 1-3 x 10?2 m™>. Finally, black dots (likely loop nuclei) are
reported in A508-3 at a number density of 1.8 x 10?2 m™ after room
temperature 1.5 dpa Fe™ ion irradiation [93]. Thus, the loop sizes and
number densities reported herein are consistent with those observed at
comparable irradiation doses.

Loop measurements reported here can also be considered in the
context of other alloys irradiated in the same campaign. Clement et al.
[26] studied PM-HIP and forged Ni-base Alloy 625 irradiated to ~1 dpa
at 385 °C: conditions essentially identical to the higher-temperature
specimens herein. Clement’s Alloy 625 loop diameters range from 4.8
to 8.1 nm, which is comparable to those in SA508. However, loop
number densities in Alloy 625 are roughly two orders of magnitudes
smaller than in SA508 (1020 m™ compared to 10%2 m‘g) despite the al-
loys being identically irradiated. This is unsurprising, since
higher-alloyed materials are known to exhibit greater resistance to
irradiation damage than low-alloy materials or pure metals, due to the
ability of impurity and minor elements to trap point defects and stabilize
extended defects [94-96]. An extreme manifestation of this behavior is
the recent observation of irradiation tolerance in high-entropy alloys,
owing to the more sluggish diffusion kinetics and distorted energy

landscape resulted from the compositional complexity [97-100].

Voids are not observed in either the forged or PM-HIP material at
both irradiation conditions studied. Although voids had been believed to
play a role in irradiation hardening of RPV steels [101], they generally
do not exist except for small clusters containing a few vacancies and are
often associated with CRPs [64,102-104]. Thus, the absence of voids in
the present work is not unusual.

3.4. Nanoprecipitates

Fig. 8 shows representative APT reconstructions for Mn, Ni, and Si in
unirradiated and irradiated PM-HIP and forged SA508. The re-
constructions show evidence of Mn-Ni-Si-rich precipitate (MNSP)
nucleation in both materials at both irradiation conditions [105]. At
0.69 dpa, 286 °C, the average nanoprecipitate sizes are statistically
identical in both alloys (2.01-2.18 nm), although the PM-HIP has a
higher number density than the forged (3.70 compared to 2.60 x 10%*
m™>). Consequently, the MNSPs occupy a higher volume fraction in the
PM-HIP than in the forged material, ~16 % compared to ~14 %. The
nanoprecipitates coarsen with increasing irradiation temperature; at
~0.95 dpa, ~385 °C, the nanoprecipitates are marginally larger in
diameter, but their number density and volume fraction decrease by
factors of ~5 and ~3.5, respectively. The trend in which PM-HIP
nanoprecipitate number density and volume fraction are greater than
those of the forged material persists at the higher irradiation tempera-
ture. None of the APT needles examined captured a potential dislocation
loop, which can sometimes be evident from radiation-induced segrega-
tion to its perimeter or decoration with MNSPs; this is not surprising,
given the number density of loops. The nanoprecipitate sizes, number
densities, and volume fractions for both alloys are quantitatively
compared in Fig. 8(c-e) and Table 4.

To the authors’ knowledge, Carter et al. [42] is the only other author
to report on MNSP nucleation in PM-HIP RPV steels. They measure an
MNSP number density of 3.73 x 10%* m™ in the ferrite phase of PM-HIP
SA508 neutron irradiated to ~0.1 dpa at 155 + 10 °C, which is nearly
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Fig. 6. TEM micrographs of residual processing-induced precipitates in (a) unirradiated PM-HIP, (b) higher temperature irradiated PM-HIP, (c) unirradiated forged,
and (d) higher temperature irradiated forged SA508. Insets show FFTs, indicating irradiation-induced amorphization of spherical precipitates in PM-HIP SA508,
while needle-like precipitates in forged SA508 retain crystallinity during irradiation.

identical to the MNSP number density at 0.69 dpa, 286 °C in the present
study. The higher dose here may have a similar effect as the lower
temperature in Carter’s work, ultimately leading to nearly identical
MNSP number densities in both studies.

Beyond this direct comparison to PM-HIP RPV steel, there are limited
reports of MNSPs in RPV steels at doses >0.5 dpa. Although Jiang, et al.
[92] irradiate A508-3 steel to 1 dpa, they do so with charged particles
(240 keV protons and 3 MeV Fel3* ions), and thus observed no MNSPs,
since nanoprecipitation is suppressed under charged particle irradiation
[63,95,106,107,72,108]. Almirall et al. [109] conduct 0.2 dpa and 1.8
dpa neutron irradiation at 300-320 °C on various RPV steels. They
report average MNSP sizes of 2.19 nm and 2.54 nm, and number den-
sities of 0.69 x 10%* m™ and 1.55 x 10?4 m™3, for their two irradiation
doses, respectively; these values are in close agreement with those re-
ported in the present study. Almirall’s findings, together with surveil-
lance and neutron irradiation campaign data spanning a wide range of
fluxes summarized in ref. [1], support the notion that nanoprecipitation
saturates below ~0.5 dpa [94]. This saturation behavior, together with
the tradeoff between flux and irradiation temperature described by
Mansur [66,67], lends further support to the favorable comparison in

10

MNSP size and number density between the present study and the other
PM-HIP dataset from Carter at 0.1 dpa [42].

The APT compositions of the bulk (i.e., entire needle), matrix, and
MNSPs are summarized in Table 5. Nanoprecipitates in the PM-HIP
material have greater enrichment of Ni, Mn, and Si than those in the
forged material at both irradiation temperatures. Accordingly, the
composition of Ni, Mn, and Si remaining in the matrix is less depleted in
the forged than in the PM-HIP, compared to their respective unirradi-
ated bulk APT compositions. In both alloys, the nanoprecipitates are
more enriched in solutes at the higher irradiation temperatures,
although the ~0.3 dpa dose difference may also be partially responsible
for the greater solute enrichment.

4. Discussion
4.1. Structure-property relationships
Total irradiation strengthening, Aoy, is the combination of individual

strengthening contributions of each microstructural obstacle i to impede
dislocation motion. If the features have highly differing strengths, a
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Fig. 7. Bright field down-zone STEM images showing dislocation structures in (a) unirradiated and (b,c) neutron irradiated PM-HIP, and in (d) unirradiated and (e,f)
neutron irradiated forged SA508; with quantitative comparison of dislocation loop (g) average size and (h) number density across irradiation conditions. Arrows

indicate the types of features counted as dislocation loops.

linear sum of the individual contributions is most accurate, but if the
obstacles have similar strengths, a root-sum-square of the individual
contributions is more accurate. Expressions for linear and root-sum-
square are provided in the Supplementary Information. The strength-
ening contributions of individual microstructural characteristics can be
determined by the Orowan dispersed barrier hardening (DBH) model
[110]:

Aoy, = a;Mub+/N;d; (@D)]
where M refers to the Taylor factor which is 3.06 for both fcc and bec
lattices [111], p refers to the shear modulus which has a value of 79 GPa
for SA508 Class 3 material [112], b refers to the Burgers vector which is
0.25nm [113-115], N refers to the number densities of the obstacle, and
d refers to the diameter of the obstacle. In addition, « refers to the barrier
strength of the obstacle against dislocation motion and is dependent on
the Poisson’s ratio of the material, the dislocation core radii, obstacle

11

size, and obstacle number density [116].

Microstructural characterization reveals dislocation loops and
MNSPs are the principal contributors to hardening in the irradiated
SA508 materials. For the present calculation, a = 0.33 is chosen for
dislocation loops [117,118] and a = 0.03 is chosen for MNSPs [26,116],
based on values previously used for similar obstacle distributions in
similar alloys. Taking N and d values from the microstructure results
reported in this study, the calculated Ag, values are compared with
experimental measurements in Fig. 9.

The linear sum approach is a close fit to experimental measurements
for the PM-HIP specimens, while the root-sum-square approach signifi-
cantly underestimates measured hardening. For the forged specimens,
experimental measurements fall roughly halfway between the linear
sum and root-sum-square calculations. This suggests that in the forged
material, loops act as considerably stronger obstacles to dislocation
motion than nanoprecipitates, and thus loops dominate irradiation
hardening due to the low nanoprecipitate number density. Meanwhile,
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Fig. 8. Representative APT reconstructions for Ni, Mn and Si (other species hidden for clarity of visualization) of unirradiated and irradiated (a) PM-HIP and (b)
forged SA508, with quantitative analysis of MNSP (c) size, (d) number density, and (e) volume fraction.

Table 5
Summary of APT composition measurements (wt%) of clustering species in the bulk (i.e., entire needle), matrix, and in nanoprecipitates.
Alloy Irradiation Condition Bulk (Entire Needle) Matrix Nanoprecipitates
Ni Mn Si Ni Mn Si Ni Mn Si
PM-HIP Unirradiated 0.75 1.56 0.26 - - - - - -
286 °C, 0.69 dpa 0.84 1.42 0.20 0.42 0.68 0.11 31.2 41.7 22.7
388 °C, 0.97 dpa 0.77 1.54 0.14 0.36 0.49 0.09 36.2 46.2 25.5
Forged Unirradiated 0.39 1.41 0.37 - - - - - -
286 °C, 0.69 dpa 0.44 1.49 0.32 0.18 0.75 0.17 29.3 38.4 17.9
384 °C, 0.95 dpa 0.51 1.37 0.41 0.24 0.52 0.12 33.7 42.6 20.4

in the PM-HIP material, loops and nanoprecipitates are more compa-
rable in their strengthening effects on the material. So even though a
single nanoprecipitate may be weaker (o« = 0.03) than a single loop (a =
0.33), the collective effect of the high nanoprecipitate number density is
a significant contribution to the overall strengthening of the alloy.

The irradiation amorphization of the oxide precipitates in the PM-
HIP specimens is not included in the Orowan DBH calculation, even
though irradiation amorphization can have embrittling effects
[119-122]. If one could account for this phase transformation in the
total Ag, for PM-HIP materials, the root-sum-square calculation
approach may fall into closer agreement with experimental
measurements.

4.2. Irradiation susceptibility of PM-HIP SA508

At low doses, microstructural features typically thought to contribute
to RPV irradiation embrittlement are generally classified as either
nanoprecipitates or matrix damage [123]. The former include Cu-rich
precipitates (CRP) and MNSPs [105], depending on bulk alloy concen-
tration [2,40,42,75,81,101,109,124-126]. The latter is generally
defined as vacancy-type or interstitial-type point-defect clusters [101,
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124]. However, at doses above ~0.1 dpa, experimental studies and
atomistic simulations have shown that irradiation drives MNPs/MNSPs
to agglomerate on point defect clusters [103,127,128]. thereby mud-
dling the distinction between nanoprecipitates and matrix damage.

Through LWR end-of-life fluences for RPV steels, the interstitial-type
clusters are typically dislocation loops <5 nm in diameter [103,
129-132] that remain difficult to resolve by TEM and which may form
by solute-defect trapping at undersized substitutional solutes (e.g., Ni in
Fe) [96]. But at higher fluences — such as the case herein — these loops
can grow sufficiently large to be TEM resolvable [133,134], though they
are often decorated by Mn and Ni (and Cu, if present) segregation to loop
boundaries, leading to heterogeneous nucleation of the Mn-Ni-rich
nanoprecipitates [123,127]. This underscores the importance of Mn
and Ni in stabilizing the loop and nanoprecipitate population. The
higher overall chemical concentration of Mn and Ni in the PM-HIP alloy
(1.39 wt% Mn and 0.79 wt% Ni) than in the forged alloy (1.46 wt% Mn
and 0.50 wt% Ni) therefore explains the higher number densities of
loops and MNSPs in the PM-HIP alloy. Hence, irradiation susceptibility
may be more strongly influenced by bulk alloy chemistry than fabrica-
tion or processing method.

Terentyev, et al. [123] uses molecular dynamics and Metropolis
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Fig. 9. Total hardening contributions of loops and nanoprecipitates in neutron
irradiated PM-HIP and forged SA508 using linear and root-sum-squared cal-
culations, compared to experimental measurements.

Monte Carlo simulations to show that Mn enrichment to the core of
dislocation loops — either alone or with other key solutes such as Ni — are
principally responsible for loop strength, causing significant increases in
unpinning stress. Such solute segregation to loops additionally enhances
their resistance to being absorbed by gliding dislocations. It thus follows
that the PM-HIP alloy having higher bulk Mn and Ni concentration than
the forged material, will exhibit significant strengthening. This also
supports the Orowan DBH model results showing that loops and nano-
precipitates have comparable strengthening contributions in the PM-HIP
material (i.e., close agreement between linear sum approach and
experimental measurements); by comparison, loops are the dominant
strengthening feature in the lower-Mn, lower-Ni forged alloy.

These nanoprecipitates also influence the micro-scale phase stability
and mechanical behavior. Irradiation-induced MNSP nucleation leaves
behind a matrix composition depleted of austenite-stabilizing species
(Mn, Ni), Table 5. One can think about the irradiation damage cascade
process and its associated thermal spike as contributing to a localized
temperature increase. When the matrix is sufficiently depleted of
austenite stabilizers, the material remains below the austenite-ferrite
eutectic, even considering the baseline irradiation temperature and
the thermal spike-induced temperature rise. Then, following a contin-
uous cooling transformation (CCT) diagram, quenching from sub-
eutectic temperatures will be more likely to pass through the bainite
nose, whereas quenching from above the eutectic temperature will
promote ferrite formation. The forged specimen irradiated at 0.95 dpa,
384 °C exhibits the most extreme matrix depletion of Mn and Si during
the nucleation of MNSPs (even though the PM-HIP specimen at similar
irradiation conditions exhibits a higher number density and volume
fraction of MNSPs). This matrix depletion of austenite stabilizers in the
forged, high temperature irradiated specimens can explain why it is the
only material/condition that does not exhibit irradiation-induced
decrease in bainite grain size and phase fraction nor increase in ferrite
grain size and phase fraction (Fig. 3(g and h), Table 4). Consequently,
these hard, brittle bainite phases may also be able to explain the un-
usually high hardness and low ductility in the 362 °C forged tensile bar
(Table 3). These observations provide further support to the idea that
alloy composition plays a critical role in controlling the irradiation
response of SA508.

These irradiation-induced nanostructural and microstructural
changes can also explain the fracture surface characteristics of the PM-
HIP and forged materials. The high number density of MNSPs and
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dislocation loops in the PM-HIP material provides numerous features on
which dislocations can pin, causing local stress concentrations at which
voids or microcracks can nucleate. Consequently, a relatively flat, brittle
fracture surface is observed (Fig. 2). On the other hand, deeper dimples
are observed in the forged fracture surface, due to the lower number
density of irradiation-induced defects. Mechanically, the irradiated PM-
HIP alloy exhibits some favorable and some unfavorable characteristics
as compared to the forged alloy. Unfavorably, the PM-HIP exhibits
greater irradiation-induced reduction in TE than the forged material.
But at similar irradiation conditions, the two alloys have comparable UE
and the PM-HIP has higher strength than the forged material. This im-
plies that, the irradiated PM-HIP has comparable ductility as the forged
material between their respective YS and UTS, which are considerably
higher in the PM-HIP. In other words, under irradiation, the PM-HIP
alloy exhibits superior ductility at maximum load-bearing capacity
than the forged material.

To qualify PM-HIP SA508 for irradiation-facing components in nu-
clear applications, the irradiation tolerance must be compared to that of
conventional forgings. Microstructurally, PM-HIP SA508 appears more
susceptible to nucleation of irradiation-induced dislocation loops and
nanoprecipitates than its forged counterpart. This consequently leads to
greater reduction in TE in the irradiated PM-HIP alloy than in the forged
material. Nevertheless, the irradiated PM-HIP alloy retains some
favorable mechanical behaviors, including strength and UE. Since the
nature of the irradiation susceptibility is linked to bulk alloy chemistry
(rather than inherent processing differences between PM-HIP and
forging), future studies focusing on compositional tailoring of SA508
powders may enhance the irradiation tolerance of PM-HIP SA508. This
study can guide the compositional design of SA508 powders and can also
be used to motivate proper fracture toughness testing using Charpy or
compact tension specimens to support a code case for qualifying PM-HIP
RPV steels for nuclear applications.

5. Conclusions

This study provides a direct parallel comparison between PM-HIP
and forged SA508 Grade 3 Class 1 low-alloy RPV steel under neutron
irradiation. Both alloys are irradiated in the ATR to two conditions:
0.54-0.83 dpa at an average temperature range 266-268 °C, and
0.95-1.00 dpa at an average temperature range 343-388 °C. Post-
irradiation characterization includes uniaxial tensile testing and
microstructure characterization using SEM, S/TEM, and APT analyses.
Major conclusions are as follows:

PM-HIP SA508 undergoes greater irradiation-induced reduction in

TE than forged SA508. However, UE (i.e., ductility between yield and

UTS) is comparable in both PM-HIP and forged SA508. Since PM-HIP

SA508 exhibits greater irradiation hardening (increase in YS and

UTS), it thus has superior ductility at load-bearing capacity than the

forged material, and comparable overall toughness.

PM-HIP SA508 has a fine distribution of spherical oxide precipitates

that are likely artifacts from PM-HIP processing, while forged SA508

contains needle-like precipitates. The oxides amorphize under
irradiation.

Irradiation-induced microstructural features — namely, dislocation

loops and MNSPs — in PM-HIP SA508 are marginally smaller, but are

present at a higher number density, than in the forging. Both loops
and MNSPs coarsen with increasing irradiation temperature.

e The Orowan DBH model with a linear sum approach falls into close
agreement with experimental measurements of Ac, for the PM-HIP
alloy, suggesting loops and MNSPs have comparable strengthening
effects on the material. Whereas in the forged material, loops act as
stronger obstacles than MNSPs.

e Although both the PM-HIP and forged materials have ASTM-

compliant compositions, minor composition differences can have a

more profound effect on irradiation response than fabrication route.
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The higher bulk Mn and Ni concentration of the PM-HIP alloy —
rather than inherent processing characteristics — can explain its
greater susceptibility to irradiation-induced dislocation loop and
MNSP nucleation, and consequently, the higher irradiation hard-
ening. Compositional tailoring of SA508 powders may be able to
further enhance the irradiation tolerance of PM-HIP SA508.

These conclusions show promise for the irradiation performance of
PM-HIP SA508 relative to its forged counterpart. This work can be used
to motivate fracture toughness testing as required for nuclear code
qualification of PM-HIP SA508.
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