Comparison of Ion Irradiation Effects in PM-HIP and Forged Alloy 625
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Abstract: The nuclear industry has growing interest in replacing forgings with structural
components fabricated by powder metallurgy with hot isostatic pressing (PM-HIP), owing to
their chemical homogeneity, uniform grain structure, and near-net shape production. This study

compares the ion irradiation response of PM-HIP and forged Alloy 625, over 50 and 100 dpa,



400°C and 500°C. Microstructure is characterized using down-zone bright-field scanning
transmission electron microscopy (DZBFSTEM), and hardening is characterized using
nanoindentation. PM-HIP Alloy 625 has a lower initial dislocation line density, resulting in a
more rapid onset of dislocation loop growth and unfaulting than the forged material. But the total
defect population (i.e. loop line length plus dislocation density) is insensitive to fabrication
method. This finding shows promise for the eventual qualification of PM-HIP alloys for nuclear

applications.



1.0 Introduction

Structural alloy components of nuclear power reactors have been fabricated by casting or
forging for more than 60 years. But the recent emergence of advanced manufacturing methods —
which can offer enhanced properties, performance, and/or economics over conventional methods
— has generated substantial interest in considering these new technologies for use in existing and
future next-generation nuclear power applications[1]. Powder-based manufacturing technologies
are amongst the most mature methods being investigated, including powder metallurgy with hot
isostatic pressing (PM-HIP) [2,3]. PM-HIP leverages a solid-state diffusion process to achieve
densification of gas atomized metallic powders at isostatic pressures in excess of 100 MPa and
temperatures at or above 0.7Tm [4,5]. As compared to conventional code-qualified fabrication
methods such as casting and forging, PM-HIP produces components with higher density, greater
chemical homogeneity, uniform and equiaxed grain structure, fewer defects, and exceptional
mechanical properties. Additionally, PM-HIP products can be produced near-net shape, which
reduces the need for welding and machining post fabrication [2,3,6]. Beyond powder metallurgy,
HIP alone has long been used as a post-processing treatment to densify as-cast metals and can be
used to relieve dendritic grain structures in additively manufactured materials [7,8].

Ongoing efforts aim to generate qualification data for a variety of PM-HIP nuclear
structural alloys, including austenitic and ferritic steels and Ni-base alloys[9] But thus far,
irradiation effects on PM-HIP alloys have not yet been widely studied. Bergenlid and Lind
conducted tensile and creep tests on PM-HIP 316LN stainless steel irradiated to 0.7 dpa with
neutrons, and found that the PM-HIP steel had a higher degree of hardening than its wrought
counterpart, with similar reductions in ductility [10]. Jiang ef al. [11] studied void swelling in

additively manufactured 316L treated with HIP and ion irradiated up to 100 dpa at varying



temperatures; the HIP condition displayed a delayed onset of void swelling as compared to its
non-HIP counterpart [11]. These reports present inconclusive and somewhat contradictory
findings on the irradiated microstructure and mechanical properties of PM-HIP alloys, thus
warranting further investigation.

The present study focuses on PM-HIP Alloy 625, which is a Ni-base superalloy solution
strengthened by Nb and Mo; under long-term thermal aging, it can also be precipitation hardened
by a homogenous dispersion of y" phase [12,13]. Ni-base superalloys including Alloy 625 are of
particular interest for in-core structural components in Generation IV nuclear reactor systems
such as molten salt reactors (MSR) and the gas-cooled very high temperature reactor (VHTR)
[14,15]. In such applications, Ni-base alloy components will operate at temperatures up to ~600-
700°C and irradiation fluences ~10s-100s of displacements per atom (dpa). In the existing fleet
of light water nuclear reactors (LWRs), Alloy 625 is used for applications such as heat exchanger
tubing, steam generators, pipes, and valves, due to its high temperature strength and corrosion
resistance [16—18].

The irradiation response of Alloy 625 is also not clearly understood, with limited and
inconclusive reports; additionally, the effect of processing method has not yet been addressed.
Yu and Marquis irradiated Alloy 625 to 1.5 dpa at 300°C with 5 MeV Ni ions, and found
irradiation induced ballistic dissolution of pre-existing y” phases [18]. Song et al. conducted
proton irradiation on Alloy 625 using 2 MeV protons at 360°C to 2.5 dpa, and observed long-
range ordering [19]. A variety of mechanical behaviors is also observed, dependent on the
irradiation temperature. For example, Cieslik et al. [20] irradiated additively manufactured Alloy

625 to 1 dpa at room temperature with 1.6 MeV Ni ions; they attributed irradiation hardening to



dislocation loop formation. But Bajaj et al. irradiated Alloy 625 with neutrons to a fluence of
2.3x10?°n/cm? at 360°C, and observed irradiation softening with an increase in elongation [21].
The objective of the present study is to understand the effects of ion irradiation on the
microstructural evolution and mechanical properties of Alloy 625 manufactured by PM-HIP
compared to forging. The identical PM-HIP ingots studied herein have already shown promising
mechanical performance compared to the identical forged ingots, in the as-fabricated condition
and after isothermal aging. Guillen et al. conducted in sifu tensile studies using high energy X-
ray diffraction [22], and observed PM-HIP Alloy 625 to have superior yield and tensile strength,
and more homogeneous grain-level stress distribution, compared to forged Alloy 625. After
isothermal aging at up to 800°C for up to 1000 hr, both Bullens et al. and Getto et al. reported
comparable hardening and grain size stability in forged and PM-HIP Alloy 625 [13,23]. In the
present study, ion irradiation will be conducted on the same PM-HIP and forged Alloy 625
ingots, to doses of 50 and 100 dpa at irradiation temperatures of 400°C and 500°C. The
irradiated microstructure will be characterized to reveal the dependence on irradiation dose and
temperature. Nanoindentation will be used to correlate microstructure evolution with hardness.
This study is the first of its kind to directly compare the irradiation response of PM-HIP and
forged Alloy 625; results will contribute to the broader understanding of irradiation effects in Ni-

base alloys.

2.0 Materials and Methods
2.1 Fabrication and Irradiation
Ingots of PM-HIP and forged Alloy 625 were furnished by the Electric Power Research

Institute (EPRI). To fabricate the PM-HIP ingot, gas atomized Alloy 625 powders were mixed



and filled into a canister that was sealed and then HIPed at conditions of 1121°C and 15 ksi. The
forged ingot was cast and hot rolled before being subjected to an initial solution annealing at
1040°C for 2 hours and 40 minutes, followed by air cooling. After initial processing, the PM-
HIP ingot was solution annealed at 1171°C for 2 hours followed by water quenching, while the
forged ingot was given a two-step heat treatment of solution annealing at 1075°C for 30 minutes
followed by water quenching, then thermal aging at 700°C for 15 hours followed by air cooling
[13]. Both ingots were fabricated in order to produce mechanical properties compliant with
ASME boiler pressure-vessel code (BPVC); the heat treatments were not intended to produce y”
precipitation [24]. The nominal elemental compositions were measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) for material certifications, and subsequently by
the authors using energy dispersive x-ray spectroscopy (EDS) in a scanning electron microscope
(SEM), as detailed in Table 1.

The ingots were sectioned into 2 x 2 x 20 mm matchsticks using electrical discharge
machining (EDM). One of the 2 mm x 20 mm faces of each matchstick specimen was polished
to a mirror finish using SiC paper through 1600 grit and subsequent vibratory polishing in Al203.
Finally, specimens were electropolished at 35 V for 20 s using a Pt mesh cathode in a 90%
methanol, 10% perchloric acid solution maintained at -40°C.

The polished matchstick specimens underwent ion irradiation at the Michigan lon Beam
Laboratory (MIBL) using 4.5 MeV Fe™ ions. The damage profile was predicted using Stopping
Range of lons in Matter (SRIM) 2013 software [25,26] in the “Quick Calculation” Kinchin-
Pease mode with displacement energies of 40 eV [20,26-28]. The challenges of characterizing
the irradiated microstructure in ion irradiated layers with steep damage gradients have been well

documented [29]: the near-surface region was affected by the surface sink as well as effects such



as sputtering, while the irradiation damage peak region was affected by proximity to the ion
implantation peak. Hence, the target depth of interest for microstructural evaluation was located
at a depth of 400-700 nm from the surface, Figure 1. All further microstructure analyses and
references to irradiation dose (i.e. dpa) levels in this manuscript correspond to this depth of
interest. All specimens were irradiated at 400 + 10°C and 500 £ 10°C to a target depth range
dose of 50 and 100 dpa at dose rates ranging from 7.41x10"* to 1.18x103dpa/s, as summarized in
Table 2. Note, however that the 500°C 50 dpa irradiation condition was only conducted on the

PM-HIP alloy.

2.2 Microstructural Characterization

Irradiated and as-received microstructure characterization focused on dislocation
networks, dislocation loops, and voids (if present), using transmission electron microscopy
(TEM). Cross-sectional TEM lamellae were created from each specimen condition using the
focused ion beam (FIB) lift-out method [30,31]. Lamellae locations were selected to cross one or
more grain boundaries in order to increase the likelihood of locating a grain oriented close to a
low-index zone axis for subsequent microstructure characterization. A 20 x 1.5 x 2um Pt cap was
deposited, and then bulk milling was performed using Ga* ions at 30 kV and 7 nA current. The
lamellae were then Pt-welded to a Cu TEM half-grid. The as-mounted dimensions of the
lamellae were approximately 20 x 7 x 2 um. The lamellae were then thinned to <100 nm using
Ga" ions at 30 kV and 1 nA current, by alternating thinning on either side of the lamella at +1.5°
tilt. The lamellae were given a final polish at 5 kV before the ion voltage was reduced to 2 kV to

remove FIB damage from the surfaces of the lamellae. Thermo Scientific (previously FEI)



Quanta 3D FEG and Helios G4 UX dual-beam FIB/SEMs at Purdue University were used for all
FIB work.

TEMs used in this work were a Thermo Scientific (formerly FEI) Tecnai TF30-FEG
TEM/STEM at the Center for Advanced Energy Studies (CAES), as well as a Thermo Scientific
Tecnai T20, Talos 200X, and Themis Z at Purdue University. The Tecnai TEMs were principally
used for bright field imaging and identification of zone axes, while the Talos and Themis TEMs
were used for scanning TEM (STEM) and dislocation imaging. Dislocation loops were imaged
using the down-zone axis annular bright field STEM (DZBFSTEM) technique described by
Parish et al. [32]. Throughout this investigation, all DZBFSTEM images were taken along the
[110] zone axis. Contrary to traditional loop imaging in the two-beam condition, which only
allows imaging of dislocation loops that exactly satisfy the diffraction conditions, or the dark
field rel-rod technique, which only reveals edge-on dislocation loops, DZBFSTEM relaxes the
g+b invisibility criterion and images all loop orientations simultaneously. This technique allows
for faster characterization with strong contrast as compared to traditional methods, as well as
high statistical accuracy [33,34]. Recent work by Xiu et al. illuminates the orientation of faulted
and perfect loops at each low-index zone axis for FCC materials [35]. The through-focus
technique in bright field TEM was used to check for the presence of voids. Composition was
determined by TEM energy dispersive x-ray spectroscopy (EDS). Lamella thickness was
determined using electron energy loss spectroscopy (EELS). The STEM and TEM data was

analyzed using Gatan Digital Micrograph and TEM Instrument Analysis (TIA) software.

2.3 Nanoindentation



Nanoindentation was performed on the as-received and irradiated specimens in order to
gain an understanding into the irradiation-induced hardening. A KLA (formerly Nanomechanics)
iMicro nanonindenter was used to make indents on each specimen condition. The nanoindenter
was installed with a Berkovich tip, and the tests were performed using continuous stiffness mode
(CSM) in depth-controlled indentation to a maximum depth of 3500 nm with an applied strain
rate of 0.2 s2. For each condition, an array of at least 40 indentations were performed in a top-
down manner, in the direction of irradiation, as illustrated in Figure 1. Due to specimen
mounting constraints, the PM-HIP 500 °C 100 dpa specimen was indented cross-sectionally
rather than top-down; these indents were positioned 400-700 nm from the edge (i.e. irradiated
surface) to correspond with the target depth range of interest. A total of 16 cross-sectional
indents were made on the PM-HIP 500 °C 100 dpa specimen to a depth of 1000 nm with an
applied strain rate of 0.2 s2. The plastic zone of the indentation extends almost 5 times deeper
into the specimen than the indent depth [36—40]. This would mean indentations to probe
hardening in the target depth for dose and microstructure evaluation would have to be ~100-200
nm deep and as such, would be affected by surface roughness and indentation size effects (ISE)
[41-43]. Therefore, top-down indents will be used in this study as a qualitative means of

assessing hardening in the irradiated specimens.

3.0 Results
3.1  As-Received Microstructure
The as-received grain microstructures for both the forged and PM-HIP materials have

been previously investigated, and the average grain sizes are 9.0 + 8.2 um and 6.9 £+ 10 um



respectively [13,22]. Corresponding EBSD maps of the as-received grain microstructure are
shown in the supplementary information file.

Fig. 2 illustrates the difference in initial dislocation microstructure between the forged
and PM-HIP specimens. The forged specimen has an initial dislocation density of 0.85 x 104 m-
2, which is five times that in the PM-HIP specimen, 0.16 x 10'* m2, Table 3. These dislocation
densities are an order of magnitude lower than that observed in cold worked Alloy 625 from Gao
et al. [44]. Since HIP is often used as a post-processing treatment to reduce porosity and alleviate
dislocation pile-up in metallic alloys [45,46], it is reasonable for the PM-HIP specimen to have a
lower initial dislocation density than the forged specimen. It is also possible that a lower solution
annealing temperature for the forged specimen contributed to a higher initial dislocation density.

Both alloy fabrication conditions exhibit micro-scale (Nb,Mo)-rich carbide formation at
grain boundaries as indicated by the yellow arrows in Fig. 2a and 2b; their compositions are
confirmed by EDS and is provided in the supplementary information file. Getto et al. also
observed formation of these carbides in specimens taken from the same forged and PM-HIP
ingots, during the initial heat treatment [13]. These (Nb,Mo)-rich carbides are considered
secondary carbides. However, the primary strengthening phase y" that precipitates under
specific conditions in some Ni-based alloys, is not observed in either the forged or PM-HIP
specimen. Diffraction patterns in Fig. 2 show no superlattice spots associated with the presence
of y". Yu and Marquis heat treated Alloy 625 at 650°C, and do not observe formation of y" until
after 25 hours, so a lack of y" in this study is reasonable given the heat treatment conditions
employed [12,18]. Additionally, in the PM-HIP specimen, Al-rich oxide precipitates having
diameters ~10s-100s of nm, are observed and indicated using red arrows in Fig. 2b. The presence

of oxides has also been confirmed in PM-HIP Alloy 625 studied by Berglund and Meurling, as
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well as Sergi et al. [47,48]. Because both the carbide and oxide precipitates are present at a
relatively low number density, their population within the 400-700 nm depth of interest in a
cross-sectional ion irradiated TEM lamella is statistically insignificant. Hence, these precipitates

will not be characterized in the irradiated specimens.

3.2 Irradiated Microstructure Evolution

Dislocation loops nucleate homogenously under irradiation in all specimen conditions.
Representative micrographs of the dislocation loop and line microstructure at each irradiation
condition can be seen in Fig. 3. Loop size, loop number density, Frank loop fraction, and
dislocation density are quantified in Table 3. In all irradiated specimen conditions examined,
average loop diameters fall into a narrow range ~8-14 nm at number densities ~10%!-10%2 m3,
with dislocation line densities ~10'* m. Studies performed on alloy 625 irradiated with protons
[16,49-52], neutrons [21] and ions [18] show comparable values for loop size and number
density.

Mean dislocation loop sizes and number densities (Fig. 4, Table 4) are statistically
equivalent at 400°C between the PM-HIP and forged specimen, although at 500°C, the forged
specimen has larger loops at a lower number density than the PM-HIP specimen. The dose
dependence of loops is complex. At 500°C, the PM-HIP alloy dislocation loop size and number
density increase with increasing dose from 50 to 100 dpa. But at 400°C, both alloys exhibit
decreasing loop size and increasing loop density with increasing dose. Such a decrease in loop
diameter with increasing dose in a high-dose (i.e. >10 dpa) regime has been previously observed
by Ulmer et al. in heavy-ion irradiated alloy 800H [53]. Temperature has little effect on loop size

in PM-HIP Alloy 625, although in the forged specimen, average loop size increases with
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temperature. In both alloys, loop number density decreases with increasing temperature from
400°C to 500°C. Loop growth and reduction in number density is typical in irradiated Ni-base
alloys with increasing temperature [33,54,55]. Dislocation loop size distribution histograms for
all irradiation conditions (Fig. 5) confirm that loop sizes increase with irradiation temperature,
and that this trend is considerably more pronounced in the forged alloy than the PM-HIP alloy.

It is well known that in Alloy 625 and other f.c.c. Ni-based alloys and superalloys,

irradiation nucleates both faulted (Frank) dislocation loops with b= % < 111 > and perfect

dislocation loops with b= % < 110 > [56,57]. The fraction of the total dislocation loop

microstructure identified as Frank loops ranges between 0.45 and 0.60 in all conditions, Table 4.
The formation and stability of faulted Frank loops are strongly influenced by the stacking fault
energy. Because stacking fault energy decreases with increasing chemical complexity [58,59],
engineering alloys should have a higher fraction of Frank loops than laboratory-purity model
alloys. Indeed, Xiu et al. [33]irradiated model Ni-20Fe and NiFe-20Cr, and found the Frank loop
fraction at 7.2 dpa to be 0.078 and 0.188, respectively.

Irradiation causes the dislocation density to increase by an order of magnitude across all
specimen conditions (Fig. 6, Table 4). Dislocation line density appears relatively insensitive to
irradiation temperature. At 400°C, dislocation line density increases in the forged alloy from 50
to 100 dpa, but is statistically unchanged in the PM-HIP alloy. At 500°C, PM-HIP dislocation
line density decreases from 50 to 100 dpa.

The total line density (Fig. 4b) considers the total dislocation loop line length
(Nayg %X dgyg) and the dislocation line density. The total line density of the forged and PM-HIP
alloys are statistically equivalent at each irradiation condition. At 400°C, both the forged and

PM-HIP total line densities increase from 50 to 100 dpa, but at 500°C, the total line density in the
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PM-HIP specimen appears to saturate by 50 dpa. Additionally, the total line density decreases in
both specimens with increasing temperature, which is consistent with other studies of Ni-base
alloys [54,55,60].

Irradiation-induced voids are not observed in any of the specimen conditions.
Representative through-focus images for forged and PM-HIP specimens can be found in the
supplementary information file. This lack of voids is unsurprising because the absence or
limitation of void formation during ion irradiation without dual helium implantation at

intermediate temperatures has been well documented in the literature [49,55,60—64].

3.3  Mechanical Properties

Nanoindentation hardness-depth profiles (Fig. 6) are averaged over all 40+
nanoindentations made on a given specimen condition. In the as-received forged and PM-HIP
specimens, surface size effects are overcome by depths <400 nm, and bulk hardness values are
3.99 GPa and 4.05 GPa respectively. In the ion irradiated specimens, the near-surface peak
hardness exhibits an extended shoulder over depths ~300-800 nm associated with the irradiation
hardening phenomenon [57] due to the irradiation damage and ion implantation profiles. The
relative magnitudes of these shoulders can be used to qualitatively evaluate the extent of
irradiation hardening within the target dose and microstructure analysis depth region. This can
be more clearly resolved by plotting the square of hardness against the inverse of the indent
depth (insets, Fig. 6). Changes in slope along the H? vs. 1/h curves are indicative of different
regions along the hardness-depth profile. Specifically, a slope change near 1/h ~ 0.003 reveals

the overcoming of surface effects, while a slope change near 1/h ~ 0.001 is indicative of
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indenting beyond the irradiation damage peak. The region between these two slope changes
reveals the hardness at corresponding depths along the irradiation damage profile.

Both the PM-HIP and forged alloys exhibit greater irradiation hardening at 400°C than at
500°C. This follows the trend that irradiation-induced hardening decreases with increasing
temperature, as shown in several solution annealed Ni-base alloys including C-276 irradiated at
300°C and 500°C [55], Alloy 706 irradiated at 450°C and 500°C [65], and a model NiFe-20Cr
irradiated to 38.4 dpa at 500°C and 580°C [33].

At 400°C, the forged alloy hardens between 50 and 100 dpa, while the PM-HIP specimen
does not exhibit an appreciable increase in hardening from 50 to 100 dpa. This indicates a
potential saturation in irradiation hardening for the PM-HIP specimen that occurs around or
before 50 dpa, while the forged specimen does not saturate until above 50 dpa. Recall that the
cross-sectional nanoindentation hardness-depth profile on the 500°C 100 dpa PM-HIP specimen
(marked * in Fig. 6b) is not directly comparable to the other hardness-depth profiles but
nevertheless confirms the presence of irradiation hardening at this specimen condition. High-
dose saturation of irradiation hardening is expected in Ni-based alloys and austenitic stainless

steels [33,66].

4.0 Discussion
4.1  Loop Unfaulting

The irradiation-induced increase in dislocation density in both alloys may be attributed to
Frank loops unfaulting into perfect loops, as indicated by the decreasing Frank loop fraction with
increasing dose (Table 4) . Xiu et al. also observed a decrease in the fraction of Frank loops

compared to perfect loops while Frank loop size increased for NiFe-20Cr irradiated to 7.2 dpa
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and 38.4 dpa respectively at both 500°C and 580°C [33]. This lends credence to the idea that
larger Frank loops are more susceptible to unfaulting because larger loops are more likely to
interact with perfect loops and network dislocations in the microstructure as those glissile
features move. Loop unfaulting is a well understood step in the dislocation loop evolution cycle
and occurs when the loop microstructure grows enough that individual loops interact with each
other and with network dislocations [67]. The loop unfaulting process has been described by
Gelles and has been documented in other Ni-based alloys under irradiation [54,60,68,69]. In this
mechanism, the sessile a/3 <111> Frank loop interacts with an a/2 <110> perfect dislocation to

form a Shockley partial dislocation in the reaction:
S[111] +2[110] = Z[112] (1)
This Shockley partial sweeps across the front of the faulted loop, removes the stacking fault, and

reacts with the back side of the loop to form a glissile perfect loop. This perfect loop goes on to
glide and impinge with other loops, adding to the dislocation network following the reaction:
%[ﬁz] +§[111] = g[HO] )

Loop unfaulting is supported by the relative loop and network dislocation contributions to
the total line density (Fig. 4b). At 500°C, network dislocations generally comprise a larger
fraction of the total line density in both the PM-HIP and forged specimens than at 400°C. This
occurs because with increasing temperature, defects and dislocations become more mobile,
which leads to enhanced annealing and loop unfaulting. Considering now only the 100 dpa PM-
HIP experiments, network dislocations contribute a lower fraction to total line density with
increasing temperature, which indicates that the rate of dislocation annealing outpaces the rate of
Frank loop unfaulting into the dislocation network. By contrast in the 100 dpa forged

experiments, the network dislocations contribute a larger fraction to total line density with
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increasing temperature, indicating that the rate of Frank loop unfaulting exceeds that of
dislocation annealing. This greater extent of unfaulting in the forged specimen can be explained

by the larger average loop diameter at 500°C, 100 dpa than that of its PM-HIP counterpart.

4.2  Role of Sink Strength in Irradiation Tolerance

The PM-HIP and forged alloys have nearly identical total line densities in all irradiated
conditions (Fig. 4b), suggesting that both alloys have comparable overall defect tolerance.
However, the relative contributions of loops and lines to this total line density, varies across
alloys and irradiation conditions. This variability is attributed to the initial sink strengths of the
PM-HIP and forged specimens, which have a significant impact on the irradiation response of
Ni-base alloys [63]. The initial dislocation network, grain boundaries, and precipitates contribute
to the total sink strength of the material, as summarized in Table 3; the reader is referred to the
supplementary information for details of the sink strength calculation [57,70,71].

The dislocation contribution to sink strength of the as-received PM-HIP alloy is 0.2x10'4
m2, while that of the as-received forged alloy is 1.22x10'* m. Grain boundaries and precipitates
are negligible, as their sink strength contributions are >2 orders of magnitude lower than that of
dislocations. A higher initial sink strength is generally indicative of greater irradiation tolerance,
since the point defects generated from the irradiation damage cascade will diffuse to sinks where
they become annihilated before they are able to cluster into loops or voids [75—78]. It is therefore
expected that the nearly order-of-magnitude greater sink strength of the as-received forged alloy
compared to the PM-HIP alloy would make the PM-HIP alloy initially more susceptible to

irradiation damage.
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This enhanced susceptibility to irradiation damage can most clearly be seen in the 400°C
irradiations. Although the PM-HIP and forged specimens have statistically identical dislocation
loop sizes and number densities at both doses at 400°C, the PM-HIP dislocation line density is
considerably higher than that of the forged specimen at 50 dpa. This suggests that the PM-HIP
specimen experiences more rapid (i.e. <50 dpa) dislocation loop nucleation, growth, and
subsequent unfaulting into dislocation lines than the forged specimen. This idea is further
supported by the saturation in the PM-HIP dislocation density between 50 and 100 dpa at 400°C,
whereas the forged specimen experiences a statistically significant increase in dislocation density
between 50 and 100 dpa to saturation. While both alloys ultimately achieve a similar total line
density by 100 dpa, their evolution toward that similar structure may differ based on their initial
sink strengths. In other words, the higher initial sink strength of the forged specimen may delay
the onset of phenomena, similar to how “radiation tolerant” microstructures do not entirely
eliminate void swelling, but instead introduce a void incubation period [79,80]. Thus, the total
defect population is independent of fabrication method once irradiation begins — it is only the
ratio of loop to line defects that is dependent upon fabrication method (i.e. initial sink strength or
dislocation density).

The initial sink strength also influences the radiation tolerance at 500°C, although the
increase in thermal energy promotes Frank loop unfaulting and annealing of the network
dislocations, which lowers the saturation density of the microstructures. The PM-HIP specimen
again exhibits considerable loop unfaulting into dislocation lines by 50 dpa at 500°C. But unlike
the dislocation saturation observed between 50 and 100 dpa at 400°C, the dislocation density
decreases between 50 and 100 dpa at 500°C due to annealing. Additionally, the forged specimen

at 500°C, 100 dpa has larger and less populous loops and a higher dislocation density than the
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PM-HIP specimen. This again suggests that the lower initial sink strength in the PM-HIP
specimen enables more rapid loop growth, while the higher initial sink strength in the forged
specimen delays the onset of irradiation-induced phenomena. Both alloys again reach a similar
total line density by 100 dpa.

Differences in initial solution annealing conditions between the PM-HIP and forged
specimen likely contribute to the observed differences in initial dislocation structures and sink
strength. Tailoring annealing conditions may produce comparable initial microstructures in both
alloys that will evolve more similarly under irradiation. Additionally, the differences in
composition between the PM-HIP and forged alloys are acknowledged. Minor differences in
micro-alloyed elements, specifically Si and Ti, have been shown to affect loop size, morphology
and number density in Ni as well as FCC multi-principal-element alloys (MPEAs) [72-74].
According to Hoffman et al. the addition of Ti decreases the stacking fault energy (SFE) of the
system and stabilizes faulted Frank loops, leading to a larger diameter and lower number density
of Frank loops. However, this phenomena is inconsistent with observations in the present study;
rather, the major contributor to sink strength and microstructural evolution is the initial

dislocation density.

5.0 Conclusions
PM-HIP and forged Alloy 625 are ion irradiated to 50 and 100 dpa at 400°C and 500°C.
Irradiation-induced microstructural evolution is characterized, and irradiation hardening is

evaluated using nanoindentation. Major conclusions are:
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The overall microstructural and mechanical irradiation response of the PM-HIP specimen
is comparable to that of the forged specimen, offering promise for the performance of
PM-HIP manufactured materials in nuclear systems.

The total defect population (i.e. loops and lines) is independent of fabrication method.
The relative populations of loops to lines is dependent upon fabrication method, by virtue
of the initial sink strength. The higher initial sink strength in the forged specimen delays
the onset of dislocation loop growth and unfaulting, compared to that in the PM-HIP
specimen containing a lower initial sink strength. This behavior can be likened to an
incubation period.

Total line density (i.e. sum of loop line length and dislocation line density) are similar
across both PM-HIP and forged alloys over all irradiation conditions, but the relative
contributions of loops and lines differs based on the initial sink strength of the alloys.

Irradiation hardening is consistent with the microstructural evolution.
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Tables & Figures

Table 1: Nominal elemental compositions (wt%) measured by ICP-AES (material certifications)

and by SEM EDS.
Sample Method Mn Si Cr Ni Al Mo Fe Nb Ti F C P S (0]
PM-HIP | Certification’ | 0.41 0.45 | 21.9 | Bal | <0.05 | 8.2 3.6 3.7 | 0.006 0.01 | 0.003 | 0.003
SEM EDS 0.544 | 0.688 | 23.0 | Bal | 0.106 | 7.25 | 3.57 | 3.75 0.22 0.25
Forged Certification™ | 0.35 0.12 | 21.8 | Bal | 0.09 8.4 35 3.6 0.18 0.01 | 0.006 | 0.004
SEM EDS 0.415 | 0.195 | 23.7 | Bal | 0.308 | 7.58 | 3.52 | 3.57 | 0.313

1 material certification composition also includes <0.1 Cu, <0.1 Cu, and <0.010 Pb.

Table 2: Irradiation experiment matrix.

Specimens Temperature (°C) Dose (dpa) Dose Rate (dpa/s)
PM-HIP and Forged 400 50 1.04x1073
PM-HIP and Forged 400 100 1.18x1073

PM-HIP only 500 50 7.41x10
PM-HIP and Forged 500 100 1.1x1073

Table 3: Summary of as-received microstructure in PM-HIP and forged specimens.

Alloy Feature Value Sink strength
(x10'* m??)
Forged Grain size (x10° m) 9.0 +8.2 0.003
Dislocation line density (x10'4 m2) 0.85+0.13 1.22
Carbide size (x10°°m) 091+ 0.16
Carbide number density (x10!"m) 1.85+ 0.92 0.021
PM-HIP Grain size (x10% m) 6.9 + 10 0.005
Dislocation line density (x10'4 m?) 0.16 + 0.03 0.2
Carbide size (x10°m) 1.36+ 0.5
Carbide number density (x10"m) 2.41+1.2 0.041
Oxide size (x10°m) 0.22 +0.03
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Oxide number density (x10'"m)

434422

0.012

Table 4: Summary of irradiation-induced dislocation loop and line microstructure evolution.

Alloy Condition Loop Size Loop Number Frank Loop Dislocation Line
(nm) Density (x10*! m- Fraction Density (x10'* m%)
%)
Forged As-received - - - 0.85+0.13
400°C, 50 dpa 9.61 7.02 + 1.05 0.58 £ 0.026 227 +0.1
+0.52
400°C, 100 dpa 7.95 16.7 £ 2.18 0.49 + 0.028 3.62+0.71
+ 0.34
500°C, 100 dpa 14.4 2.38 £0.08 0.524+0.018 4.57+0.75
+ 0.79
PM-HIP | As-received - - - 0.16 £ 0.03
400°C, 50 dpa 9.78 7.55 £ 0.56 0.48 + 0.026 3.82 +0.25
+ 0.34
400°C, 100 dpa 8.18 125+ 2.41 0.48 + 0.020 432+ 0.73
+0.21
500°C, 50 dpa 10.4 447 +0.07 0.56 + 0.017 3.24+ 041
+ 0.49
500°C, 100 dpa 11.7 6.16 £ 0.70 0.48 + 0.013 1.93+0.26
+0.33
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Figure 1: SRIM calculated damage profile, with the region of interest for microstructure

characterization marked by dashed lines, and the plastic zone for top-down nanoindentation

depicted.

Figure 2: DZBFSTEM imaging of as-received microstructure illustrating (Nb,Mo)-rich carbides
(vellow arrows) and oxide precipitates (red arrows) in a) forged and b) PM-HIP, and initial
dislocation density in c) forged and d) PM-HIP.
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Figure 3: Representative DZBFSTEM micrographs taken along [110] zone axis showing
dislocation loops and lines in a-d) forged and e-h) PM-HIP Alloy 625 under irradiation
conditions of a,e) 400°C 50 dpa, b,f) 400°C 100 dpa, c,g) 500°C 50 dpa, d,h) 500°C 100 dpa.
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Figure 6: Average hardness-depth curves taken over 40+ top-down nanoindents in the a) 400°C
b) 500°C conditions; insets show square of hardness against inverse of indent depth. Note that
only the PM-HIP 500°C, 100 dpa (marked by *) hardness-depth profile is taken from cross-

sectional indents.
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