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ABSTRACT

To ensure the rapid development, deployment, and use of advanced nuclear technologies, faster
qualification approaches are needed. Typically, the primary pathway uses traditional data packages
consistent with the American Society of Mechanical Engineers Boiler and Pressure Vessel Code, which
does not consider the environmental effects the material will experience such as corrosion and radiation
damage. Examining radiation effects requires a significant amount of space in US facilities at the
Advanced Test Reactor and the High Flux Isotope Reactor (HFIR) and suffers from natural gradients in
temperature and neutron flux profiles. lon irradiation may enable rapid assessment of radiation-induced
damage to a material and is proposed as part of an accelerated materials qualification framework through
the Advanced Materials and Manufacturing Technologies program. To enhance the utility of ion
irradiation as an examination tool, this report provides the initial assessment of engineering-relevant
properties of microstructures produced from ion irradiation in the near-surface volume. Nanoindentation,
Vickers hardness, and known tensile properties were brought together with simple mathematical models
and experimental data for an initial equivalence study of the mechanical performance of irradiated laser
powder bed fusion (LPBF) 316 stainless steels across length scales. Direct observation of the calculated
ion irradiation yield stress and measured neutron irradiation yield stress at 2 dpa showed that both datasets
exhibit the same trend with irradiation temperature and overlap within an acceptable band of stress values.
Ion irradiations at 10 dpa serve as a prediction of properties to compare to postirradiation examination of
HFIR-irradiated LPBF 316H further in the program. This work is a significant demonstration of the
Licensing Approach with Ions and Neutrons, which uses ion irradiations to generate mechanical property
information more rapidly than through neutron irradiations.

1. INTRODUCTION

The motivation for the Advanced Materials and Manufacturing Technologies (AMMT) program is to
accelerate the development, qualification, and manufacturing technologies to enable reliable and
economical nuclear energy. Typically, the primary pathway uses traditional data packages consistent with
the American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code [1]. However,
pursuing qualifications along this pathway does not consider the environmental effects the material will
experience. Therefore, additional testing is needed to generate environmental data, such as corrosion or
radiation effects data, relevant to nuclear environments. ASME-style data packages typically require
physically “large” specimens [2], which require a significant amount of space in US materials test
facilities at the Advanced Test Reactor and the High Flux Isotope Reactor (HFIR) and suffer from natural
gradients in temperature and neutron flux profiles. A recent examination of the state of the art for neutron
irradiation experiments provided recommendations for standardizing irradiation experiments to accelerate
nuclear materials qualification [3] and suggests that subsize specimens may provide a solution to
minimize inherent gradients. The ability to obtain representative properties from small volumes is still an
active area of research [4] and, for neutron irradiations, remains limited by the time required to achieve an
adequate level of exposure or displacement damage (dpa). To ensure the rapid development, deployment,
and use of advanced nuclear technologies (90 FR 22581 [5]), faster approaches are needed. lon irradiation
may enable rapid assessment of radiation-induced damage to a material and is proposed as part of an
accelerated materials qualification framework as part of the AMMT program [6, 7]. Therefore, obtaining
engineering-relevant properties using microstructures produced from ion irradiation in the near surface
volume would greatly enhance the utility of ion irradiation as an examination tool.

As proposed in a previous AMMT report [8] in FY 2025 and FY 2026, the primary foci would be (1)
continuing the microstructure-modeling approach and (2) determining how to extract performance-
relevant data from the ion-irradiated microstructures and benchmark the process with neutron-irradiated
specimens. Whether through low-temperature failure modes as estimated through the strength required to



fracture [9], high-temperature failure modes as the boundary for creep, or as a design limit for engineering
applications, the yield strength (YS) is a defining performance property. Thus, YS is targeted as the figure
of metric or property of interest in Step 1 of the Licensing Approach with lons and Neutrons (LAIN) [6].
YS can be obtained from the microstructure of the material via several possible pathways, and these are
outlined in Figure 1.

The most direct path from the microstructure to Y'S is through the dispersed barrier model built on the
Taylor relation, where modifications to the YS depend on the size and density of microstructural obstacles
to dislocation motion (e.g., dislocation loops, precipitates, grain boundaries, and solutes) and strength
through the Orowan mechanism. Although the figure shows this equation as being linear additions, more
generally the obstacles are divided by how weak or strong the obstacle is to dislocation motion, and a
superposition method is applied [10, 11]. The strength of each obstacle is quantified by a factor, o, which
can be thought of as the propensity of the dislocation to climb over or shear through the obstacle and
depends on the size and shape of the obstacle and the temperature. Although this approach has been
somewhat successful, in many cases the strength factors are determined via numerical fits to limited
experimental data. Therefore, this report presents some work on how to approach this direct pathway, but
detailed efforts are left for future work.
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Figure 1. Approach to link microstructure with nanohardness, microhardness, and yield stress [8]. Items in
bold are discussed throughout this report.

The second path, which is the focus of this report, is to measure another mechanical property and link this
property to YS. The shallow penetration of ion irradiation severely limits the amount of mechanical
information that can be collected in such a volume, making nanoindentation the primary technique for
mechanical assessment. Recent work using the continuous stiffness method demonstrated nearly identical
responses for neutron- and ion-irradiated ferritic—-martensitic steels [10, 12, 13]. Therefore, in this path to
measure the mechanical performance of a thin ion-bombarded surface, nanohardness would be measured
from both neutron and ion irradiations and compared with the microstructure to determine the factors
necessary to predict hardness.

The objective of this study was to combine simple mathematical models and experimental data for an
initial equivalence study of the mechanical performance of irradiated laser powder bed fusion (LPBF) 316
stainless steels using nanoindentation, Vickers hardness, and known tensile properties to develop
correlations across length scales. The overall goal for Oak Ridge National Laboratory in FY 2025 was to



exercise the irradiation challenge program [14] by generating initial predictions of neutron-irradiated
hardness or YS at 10 dpa for one LPBF AM316 steel sample irradiated at 600°C. A proposed approach to
link the microstructure and tensile properties directly is included as a guide for future work. The
correlations presented in the remainder of this report progress from larger length scales to smaller length
scales (i.e., from right to left in Figure 1).

2. METHODS TO DEVELOP CORRELATIONS

Although each aspect of the work performed has detailed information to develop the correlations, the
methodologies of each study share some commonalities. This section presents several techniques and
analysis methods that are used throughout the report.

2.1 TENSILE TESTING

SSJ2 specimens were tested in a shoulder-loading configuration under ambient conditions using a single-
column Instron servomechanical test frame. A nominal strain rate of 0.015 (mm/mm)/min was applied for
room-temperature measurements. During testing, time, crosshead displacement, load, and gauge cross-
section dimensions were recorded. Because strain was not measured directly but derived from crosshead
displacement, a compliance correction method was applied to extract approximate plastic strain values
from the displacement data. The plastic strain, ,, was calculated as shown in Eq. (1):

6—P x Cy,
£ = —— L #(1)

where & is the crosshead displacement, P is the load, Cy; is the load-line compliance (calculated as the
inverse of the elastic slope of the raw load—displacement curve), and / is the gauge length. Conversion of
the load—displacement curve into a stress—plastic strain curve allowed calculation of the tensile properties.
The 0.2% offset YS was defined as the stress at 0.2% plastic strain, the ultimate tensile strength as the
maximum stress, the uniform elongation as the plastic strain corresponding to the ultimate tensile
strength, and the total elongation as the plastic strain at failure.

2.2 INDENTATION EXPERIMENTS

Vickers hardness was measured using a pyramidal diamond indenter on a Carat 930 hardness tester with a
load of 200 gf and dwell time of 10 s. Optical imaging of the dimensions of the resulting indentation
creator measured the length and width of the crater to convert to Vickers hardness using Eq. (2), where F
is the applied force, A is the area of the indent, and d is the length of a diagonal line across the rectangle
containing the indent area. At least 25 points were sampled from each specimen to generate adequate
statistics for analysis.

F  1.8544F [kgf
V=—mn—00— #(2)

A d? mm?2
Instrumented indentation testing, colloquially nanoindentation, experiments were performed on a KLA
iMicro Nanoindenter dedicated to nuclear fuels and materials at Oak Ridge National Laboratory. Indents
were performed in either a 5 X 5 or a 6 x 6 array (total of either 25 or 36 points) for each specimen at
room temperature using a Berkovich tip and a 50 mN actuator. The indenter performed advanced
nanoindentation techniques using the continuous stiffness method [15, 16]. This technique provides a
small oscillation to the indenter tip and allows for the determination of hardness and the elastic modulus
through the entire depth of the indentation test. Instead of a fixed frequency and amplitude as commonly
used in literature for irradiated materials [12, 13], this work used a fixed frequency of 110 Hz with a



variable amplitude equal to 10% of the applied load. Thus, as the indenter uses a higher applied load to
push to deeper depths, the corresponding increase in amplitude keeps the signal-to-noise ratio at a
minimal level. The indentation system was calibrated using fused silica, and the reference fused silica was
checked before and after each series of indentations. The data from each individual indent are collated to
form average curves for hardness vs. displacement and elastic modulus vs. displacement. To facilitate
analysis, each average hardness curve was analyzed with the framework of the Nix—Gao law for strain
gradient plasticity to account for size effects [17]. Equation (3) is the result of the original Nix—Gao
derivation, and Eq. (4) is the same equation rewritten to a linear form. In these equations, H is the
measured hardness, # is the displacement by the indenter, 4* is the characteristic length at which size
effects are negligible, and H, is the bulk equivalent hardness. Although H? is multiplied by 1 and 1/A, as
the term 1/h approaches zero (4 approaches infinity), this term becomes negligible. Thus, plotting the
hardness squared as a function of the inverse displacement allows for the extrapolation of the linear fit of
the data to “infinite” depth, becoming the bulk equivalent hardness, H,.

A B e
Ho 1ty

*

H%= H§<1 + 7)#(4)
3. CORRELATIONS ACROSS LENGTH SCALES

The first step to develop or confirm correlations across length scales is to identify a set of samples
containing many of the same microstructural features as irradiated materials to serve as an example set.
Specimens from a study for post-build stress-relief optimization in the AMMT program [18] provided
LPBF 316H in the as-printed condition with dislocation cell structures and with various combinations of
annealing temperatures within a temperature range of 650°C—850°C with heating rate of 10°C/min using
a box furnace and times ranging from 15 min to 6 h followed by air cooling to reduce the density of
dislocations and form precipitates. The heat-treated samples were metallographically prepared for
microstructural evaluation to a final finish of 0.05 pm with colloidal silica. Representative micrographs
[18] are reproduced here to show the evolution of the dislocation cell density with time and temperature.
The dissolution of dislocation cells is reminiscent of the evolution under irradiation [19] and thus can
serve as a surrogate model for this aspect of the irradiated microstructures.



Figure 2. Secondary electron scanning electron micrographs of the etched samples heat-treated at 650°C,
750°C, or 850°C for either 15 min or 6 h [18]. All the micrographs are at the same magnification and have the
same scale as the top left figure.

3.1 REVISITING THE RELATIONSHIP BETWEEN YIELD STRESS AND VICKERS
HARDNESS

Based on the methods presented in Sections 2.1 and 2.2, both Vickers hardness and Y'S were collected to
obtain a correlation between them. For this study, the aged specimens underwent testing along the build
direction (BD) and in the transverse direction (TD). Vickers hardness was measured on the nonstressed
regions of the tensile head to avoid the work-hardened areas and provide a direct comparison to select as-
aged microstructures. A diagram of the orientation of the indents relative to a reference block is in Figure
3. Standard linear regression methods considering both BD and TD as one dataset yielded the curves
shown in Figure 4 along BD and TD. The BD and TD datasets are noticeably different. The relationship
between yield stress and Vickers hardness for the BD is about 1.5x that of the TD. The y-intercepts also
suggest the microstructure in the BD samples is inherently stronger than that in the TD. When both are
considered as one dataset, the slope and intercept meet in the middle of the two directions, suggesting that
correlation is without the preferential texturing typically observed in the BD [20].



Figure 3. Schematic illustrating the orientation of the indentations relative to the LPBF build plate.
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Figure 4. Comparison of Vickers hardness and YS for aged LPBF 316H specimens. Shown are the linear
correlations along the BD (red), TD (blue), and the combination of both datasets (black).

The slope of the combined dataset is about 3, which is not surprising. Several previous correlations
between Vickers hardness and YS resulted in slopes near 2.82 [21], 2.96 [22], and 3.06 [23] for
nontextured steels and metals. Thus, this additional dataset from LPBF 316H and aged versions of this
alloy further validates the correlations in literature and, through the delineation of BD and TD, provides
an assessment of the effect of texture on these relationships. However, these empirical correlations are
limited. In all studies cited, the correlation is presented considering an estimated plastic strain of about
8% for the volume deformed by the Vickers indenter. Thus, in materials with significant work hardening,
such as nickel alloys, the stress estimated from these correlations will overestimate the 0.2% offset YS
and additional work to determine the stress exponent and extrapolate from 8% to 0.2% would be needed
[24]. In the case of these correlations, the value of about 3% was derived from irradiated materials [23],



small-grain and irradiated materials [21], pure metals such as copper and aluminum [22], and, in this
work, materials with initially high dislocation densities and precipitates. The mixture of work-hardening
materials and non-work-hardening steels suggests this correlation is universal across metals and alloys
and can be used to equate the nanohardness to the Vickers hardness.

3.2 A RELATIONSHIP BETWEEN VICKERS HARDNESS AND NANOHARDNESS

The previous section validates a long-standing relationship between the YS and Vickers hardness for
LPBF 316H and aged variants of LPBF 316H. The next reduction in length scale is obtained by using
instrumented indentation testing or “nanoindentation.” Although both hardness techniques use a
pyramidal tip to indent the surface of a material, the larger cross-sectional area and force applied during
loading (~1.96 N) for Vickers hardness makes minor surface variations from polishing, oxidation, or
etching negligible. However, for nanoindentation where the tip is smaller and the applied force is on the
order of millinewtons, minor variations in surface condition are expected to cause significant scatter in the
resulting hardness profiles.

To examine the effect of surface roughness, a commercial heat of wrought 316H (heat 311373 from
Sandmeyer Steel Company) was polished using standard metallographic procedures decreasing in particle
size to five surface finishes: 3 pm roughness from a diamond solution, 1 pm roughness from a diamond
solution, 0.5 um roughness from a diamond solution, 0.02 um roughness from a colloidal silica solution,
and an electrolytic etch with oxalic acid. The roughest and finest surfaces are compared in Figure 5 as
hardness plotted against the indentation depth, a Nix—Gao plot based on Eq. (4), and the measured elastic
modulus. Following the Nix—Gao analysis method in Section 2.2, hardness from each level of surface
finish was extrapolated to a bulk-like hardness compared in Table 1 along with the elastic modulus. As
the plots and table show, the bulk-equivalent hardness in each case is identical within the uncertainty
bounds. Therefore, bulk-equivalent properties in this circumstance did not depend significantly on the
level of surface finish within the study set. However, this result does not mean all measurements will be
immune from the effects of the surface finish, as demonstrated with the elastic modulus measurements,
and especially those with distinct properties between the surface and the substrate (i.e., ion-bombarded
surfaces). The success of this polishing study helps derive the relationship that will be used for the ion-
irradiated specimens later in this report.
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Figure 5. Surface roughness comparison. (left) Nanohardness, (center) Nix—Gao plots, and (right) measured
elastic modulus for 316H polished (top row) to a 3 um finish or (bottom row) with an electrolytic oxalic acid etch.

Table 1. Comparison of measured bulk equivalent hardness and modulus for wrought 316H with
progressively smaller surface finishes. Values calculated using data from 200 to 300 nm from the surface.

Final surface finish Hardness, H, (GPa) Modulus (GPa)
3 um diamond 2.05+0.17 163.2+15.0
1 pm diamond 1.98 £ 0.26 156.6 £ 19.0
0.5 um diamond 1.95+0.15 169.6 £ 13.7
Electron backscatter diffraction
(0.02 um colloidal silica) 2.02£0.25 185.5+8.9
Electrolytic oxalic acid etch 2.02+£0.23 178.5 £ 14.1

With the success of the previous polishing study, the same nanoindentation parameters and processes
were applied to aged 316H specimens where Vickers hardness data existed. Representative Nix—Gao plots
for 650°C, 750°C, and 850°C aged for 6 h are shown in Figure 6 along with the as-printed LPBF 316H.
Following the determination of the bulk equivalent hardness, H,, for each condition, the hardness was
converted from gigapascals to the units of kilogram-force per square millimeter for Vickers hardness. The
literature has shown that a pileup correction is needed to convert nanohardness to Vickers hardness [12],
and the same methodology was applied to this work. The pileup-corrected hardness values from
nanoindentation are plotted against the measured Vickers hardness in Figure 7 and shown in



Table 2. Within the error bars, the pileup-corrected bulk hardness from nanoindentation and the Vickers

hardness are generally in agreement. The correlation may require further development because the
nanoindentation hardness is consistently higher than the measured Vickers hardness. Nevertheless, this
relationship serves as the first approximation that, with the correlation from the previous section, allows

conversion of nanoindentation results to YS within a reasonable uncertainty.
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Table 2. Comparison of nanoindentation hardness, calculated Vickers hardness, and measured Vickers
hardness for several conditions of LPBF 316H.

H, from Vickers hardness, Vickers
Condition Temperature | Aging nanoindentation calculated from H, hardness,
°O) time (h) with pileup with pileup measured
corrections (GPa) | corrections (kgf/mm?) (kgf/mm?)

As-printed N/A N/A 22+0.14 208.9+13.1 215+7
Aged 650 1 2.1+0.13 209.0 +£13.1 200+ 6.9
Aged 650 2 2.1+£0.14 211.9+13.9 198 £4.6
Aged 650 6 1.9+0.33 199.3 £35.1 200+ 6.5
Aged 750 0.5 2.0+0.09 198.1 +8.7 187 £ 6.4
Aged 750 6 1.9+0.23 183.2 +22.8 184 £ 5.1
Aged 850 0.25 1.9+0.15 193.3+15.5 179 +5.2
Aged 850 2 2.0+0.21 199.9 £ 21.6 177+ 6.0
Aged 850 6 1.7+£0.25 176.1 £25.7 175+5.2
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Figure 7. The correlation between measured Vickers hardness and pileup-corrected Vickers hardness from
nanoindentation. The dotted line is the ideal case of equivalence between the two datasets.

4. EXTRAPOLATION TO ION-IRRADIATED MATERIALS

One of the challenges to accelerate materials qualification efforts using ion irradiation data is the ability to
extract relevant mechanical property information from the thin volume that is the ion-bombarded surface.
Several studies have pursued qualitative and quantitative measures with varying levels of success: one
study reported a strong agreement between ion irradiation and fast reactor irradiated steel [13]. For this
initial investigation, several variations of LPBF 316L and LPBF 316H were ion-irradiated at the
Michigan Ion Beam Laboratory (MIBL) using 9 MeV Ni** ions at temperatures near 300°C or 600°C.
Details of the ion irradiations were reported previously [8] and are not repeated here. For this report, the
focus is narrowed to the LPBF 316H specimens where the materials were identical before irradiation with
either neutrons in HFIR or ions at MIBL. As with previous sections, nanoindentation was conducted
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using the continuous stiffness method with a frequency of 110 Hz and a variable amplitude of oscillation
in proportion to 10% of the load. Because the microstructure depth examined is about 5% the indentation
depth [25], the fitting for the Nix—Gao analysis was limited to 200-300 nm from the surface,
corresponding to the depth at which the damage (dpa) was calculated.

Representative Nix—Gao plots for the solution-annealed (SA, 1 h at 1100°C) and stress-relieved (SR, 24 h
at 650°C) LPBF 316H are included in Figure 8 for 300°C and Figure 9 for 600°C, showing the averaged
values obtained from the thermal-only region, 2 dpa region, and 10 dpa region of the ion irradiated steels.
The y-intercepts in these plots represent the square of the bulk hardness, and by comparison, they provide
qualitative insight into the changes in hardness. For a temperature of either 300°C or 600°C and a time at
temperature of about 8 h, the SR LPBF 316H had an higher hardness than the SA LPBF 316H, as
expected based on the cellular structure still present in the SR condition, as shown for an aging time of
650°C for 1 h [18]. At 300°C, the Nix—Gao plots depict two distinct regions corresponding to the ion-
irradiated volume (up to 350 nm of indentation depth) and the underlying substrate. By fitting Eq. (3) to
only the ion-bombarded volume, SA and SR LPBF 316H both experienced increases in hardness at 2 dpa
and nearly identical hardness at 10 dpa, suggesting a saturation in properties, as expected for this
irradiation temperature [26, 27], likely from the formation of dislocation loops [19, 28]. At the higher
temperature of 600°C, the LPBF is in the regime for cavity nucleation and swelling [8, 29] with fewer
dislocation loops compared to the lower temperature [19]. Thus, the trend of hardness increasing with
damage (dpa) is expected as the cavities continue to nucleate and grow.
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Figure 8. Nix—Gao analysis plots from ion irradiation at 300°C. Shown is the evolution of hardness for (top row)
SA LPBF 316H Build 2 and (bottom row) SR LPBF 316H Build 2 for (left) the thermal-only region, (center) 2 dpa
region, and (right) 10 dpa region.
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Figure 9. Nix—Gao analysis plots from ion irradiation at 600°C. Shown is the evolution of hardness for (top row)
SA LPBF 316H Build 2 and (bottom row) SR LPBF 316H Build 2 for (left) the thermal only region, (center) 2 dpa
region, and (right) 10 dpa region.

Bulk equivalent hardness for both the LPBF 316H Build 1 (B1) and Build 2 (B2) conditions and wrought
316H, using the correlations validated Sections 2 and 3 of this report, is used to convert H, to Vickers
hardness with a pileup correction and then to a calculated YS. The results are shown in Table 3 with
preliminary estimations of the uncertainty. Future efforts will examine the sources and propagations of
uncertainty, but for now, a conservative approach has been taken. As a reminder, these results were
acquired at room temperature. The same calculated YS data are plotted in Figure 10 as a function of
irradiation temperature along with the HFIR-irradiated LPBF 316H in the same conditions from the
literature [30]. However, this plot should be interpreted with some caution. The increased damage rate for
the ion irradiations (~500% to 1000x that of the neutron damage rate) suggests that, for direct comparison,
the ion irradiation “temperature” should be shifted to be lower by about 60°C—70°C [31, 32] or more [33,
34]. However, with only two temperatures for each of the neutron and ion irradiation datasets, the
temperature shift needed to compensate for this damage rate change is speculative at best.

Direct observation of the calculated ion-irradiation YS and measured neutron-irradiation yield stress at

2 dpa shows that both datasets exhibit the same trend with irradiation temperature and overlap within an
acceptable band of stress values. With the 300°C ion irradiations at a lower temperature than the
approximately 400°C neutron irradiations, the relatively higher YS was expected. At the higher
temperatures, the ion and neutron samples are in strong agreement and nearly identical within error.
Additionally, the 10 dpa values for ion irradiation are plotted to serve as a prediction of properties.
Postirradiation examination of HFIR-irradiated LPBF 316H up to 10 dpa is planned for future years, and
thus this postirradiation examination could serve as a validation dataset for the predictions from ion
irradiation.
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Table 3. Measured bulk-equivalent hardness values with the conversion to Vickers hardness and YS for
9 MeV ion-irradiated 316H steels. The values for 0 dpa and 0°C irradiation temperature indicate the thermal-only
region on the ion-bombarded sample.

Irradiation Vick?rs h.ardness
Alloy | Processing trel;lfl?lten ¢ D(a dmp:;ge temp:rature H, (GPa) Z)llt‘l;egltlif)l:ll; Calc(;};g;;i Ys
O (kgf/mm?)
316H LPBF Bl SA 0 0 1.90 £0.27 171.0 £24.7 215+73
316H LPBF Bl SR 0 0 2.56 £0.26 240.8 +24.7 422+73
316H LPBF Bl SR 0 0 2.53+0.23 216.6 +£20.1 350 + 60
316H LPBF B2 SA 0 0 1.83 £0.62 173.1 £58.5 221+173
316H LPBF B2 SR 0 0 2.31+0.16 197.5+14.1 294 + 42
316H LPBF B2 SA 0 0 2.16+£0.26 189.2 £22.5 269 + 67
316H LPBF B2 SR 0 0 2.49+0.23 211.7+19.6 336+ 58
316H Wrought SA 0 0 2.21+0.24 187.3 £20.7 264 £ 61
316H LPBF B1 SA 2 600 2.04+£0.20 192.0 £ 19.0 278 £ 56
316H LPBF B1 SR 2 600 2.58 £0.33 224.1 £28.3 373+ 84
316H LPBF B2 SA 2 300 341+0.32 302.0+284 603 + 84
316H LPBF B2 SR 2 300 3.03+0.31 267.1+274 500 £ 81
316H LPBF B2 SA 2 600 2.14+0.28 198.2+259 296 £ 77
316H LPBF B2 SR 2 600 2.30+0.28 208.4+254 326+ 75
316H Wrought SA 2 600 2.36 £0.30 200.0 £25.1 301 +74
316H LPBF B1 SR 10 300 3.14+0.29 268.7 £24.7 505+ 73
316H LPBF B1 SA 10 600 2.32+0.25 210.2+22.7 331+ 67
316H LPBF B1 SR 10 600 2.37+0.29 211.2+£26.1 334+ 77
316H LPBF B2 SA 10 300 349+048 308.0 £42.1 621 £ 125
316H LPBF B2 SR 10 300 3.05+0.28 269.0 £24.5 506+ 73
316H LPBF B2 SA 10 600 2.38+0.24 218.0+2.22 354 + 66
316H LPBF B2 SR 10 600 2.55+0.20 222.0+17.6 366 £ 52
316H Wrought SA 10 600 2.51+£0.25 212.6 £21.5 339+ 63
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Figure 10. Comparison of the yield stress at room temperature for LPBF 316H from neutron irradiation
(HFIR) and 9 MeV Ni*" ion irradiation. The ion irradiation data for room temperature and at 10 dpa have been
displaced for visibility.

The trends illustrated in Figure 10 do not imply the equivalence in microstructures between the ion-
irradiated and the HFIR-irradiated LPBF 316 stainless steels. In fact, previous work noted several
differences across the dislocation, cavity, and precipitate microstructures [8]. A possible explanation for
the similarity in trends stems from the superposition of strong and weak obstacles in the microstructure.
In general, the contribution of microstructure features to the YS (Ac) through an Orowan mechanism is
described by Eq. (5), where a is the strength of the obstacle from 0 to 1, M is the Taylor factor and
represents an upper limit at 3.06 [35], u is the shear modulus, b is the Burgers vector, d is the size of the
obstacle, and N is the density of the obstacle.

Ac = aMub\/Nd #(5)

The superposition of weak and strong obstacles is generally described by separating the two groups at a
cutoff in the value of a, nominally 0.25, followed by computing a root sum square for each class, and then
performing a linear superposition to combine the strengths [10]. Additional mechanisms such as the Hall—-
Petch relationship and Peierls stress need to be included with the microstructure features. When a
dislocation segment bows out under an applied stress between two strong obstacles, it likely will cut
through any weak obstacles in its path before overcoming the strong obstacles [36]. Thus, the strong
obstacles tend to dominate the response under stress. Further discussion of the links between
microstructure and YS are in the following section.

5. DIRECTLY LINKING MICROSTRUCTURES TO YIELD STRESS

As highlighted in the introduction to this report, a direct pathway from the microstructure to the YS from
neutron-irradiated, ion irradiated, or as-manufactured steels would be ideal. A direct expression from the
microstructures to the YS is complex given the variety of microstructural features. As mentioned in the
previous section, the variation in the contributions to Y'S stem primarily from the strength (a), size (d),
and density of obstacles (V). Tan and Busby [11] summarized how the strength factor can be estimated
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from aligned thin-plate shaped features like dislocation loops (Eq. (6)), precipitates with varying
coherency and shape (Egs. (7), (8), and (9)) and cavities (Eq. (10)). When obstacles have similar
strengths, they are combined using a root mean sum approach (Eq. (11)) and using a linear approach
when the strengths are dissimilar (Eq. (12)). The specific terms in each equation are detailed elsewhere
[11]. That these equations do not refer to the temperature and neglect any thermal contributions to the
strength of an obstacle or the ability for a dislocation to climb over an obstacle as opposed to shearing
through the obstacle.

0.271A | (0.637D>
a = n
PP (1 —v)2y/ND(16 — mtA) 7o
0.816)/de A\ 15 dy 0275 Ap 1.5
acp = + 1.7(—) els 4 0.0054<—) (—) #(7
7 ub2(1 — 0.816d\/Nd) b b w) #D
0.0957 “/5 | (1_4145># .
Qapp = n{——
RP™ (1 —v)2(1 = syND ro ) *®)
0.135 0.816d
dsp = ln( )
(1 —v)2(1 — d/Nd) 7o
0.217A | (0.637D)# 0
Apy = n
PP (1 —v)2\/ND(16 — mtA) To (10)

n
Aoy, = Z Aoy, #(12)
i

These equations, along with Eq. (5) provide several possible ways to combine the microstructural features
into an estimated YS, as illustrated schematically in Figure 11. The common approach is to use average
values for the microstructural feature of interest. In many cases, the strength parameter, a, is used as a
fitting value to force an agreement between the microstructure and YS. A recent approach used a linear
least squares approach to compare a values calculated from the microstructure with those calculated using
Egs. (6)—(10) [37], showing that an agreement could be reached if the strain field around a dislocation
core is included instead of only the dislocation core itself. The next common approach is to apply a
weight to the contributions by their density or use a median value for the size. This approach considers
more aspects of the size distribution than the previous approach, but likely still results in inaccuracies.
The next approach is the integral approach where the size distribution is divided into equal bins and the
contributions to YS are calculated based on the strength, size, and density of the individual bin. In theory,
this approach better captures the contributions of smaller and larger precipitates than the average or
weighted average approaches. However, this approach still results in one value for the calculated YS. The
final presented approach is dubbed a Monte Carlo approach. In this approach, the size distribution is still
divided into individual bins. To calculate YS, a random bin is selected for each microstructure feature to
represent the statical nature of dislocation interactions. Y is calculated from randomized contributions
until a distribution of Y'S is obtained. The Monte Carlo approach was used previously to link the
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microstructure of 14YWT to its yield properties [38] with limited success, noting the limitations of
characterization techniques to accurately determine the size distribution of a microstructure feature. In
these approaches, microstructure characterization is necessary for most features. Because these data are
not yet available from the microstructure or modeling sides of the irradiation challenge problem,
determining the link using these approaches is left for future work.

Microstructure
Approach Size Distribution Outcome

“Average” approach
Ao, = Mapb/A =~ MapubvNd oy

“Weighted average” approach

Ac, = Mapb/\ = Mapb NZilNd‘ /\ s
y

“Integral" approach
0, = Maub/A = MubZan/Nd / \ Oy
1 N

“Monte Carlo” approach
Pick a size class for each feature,
calculate Ao, and repeat until a
distribution takes shape. / \
Ao, = Maub/A = MapbvNd 1 Oy
. | 1111 L

Figure 11. Approaches to combine microstructural features into an estimated YS.

6. CONCLUSIONS

The overall goal in FY 2025 was to exercise the irradiation challenge program by generating initial
predictions of neutron irradiated hardness or YS at 10 dpa for one LPBF 316 steel ion-irradiated at 600°C.
As demonstrated in Section 4, the simple mathematical correlations developed in Section 3 from aged
LPBF 316H stainless steels allowed extrapolation of the nanoindentation hardness of ion-irradiated steels
to form the same trend and order of magnitude as the HFIR-irradiated steels. However, although these
correlations provide some predictive measures, the microstructural origins are not yet known. Further
characterization of irradiated materials in the AMMT program will serve as foundational datasets to
develop further predictive mechanical models. Additionally, tensile testing of the HFIR-irradiated LPBF
316H at 10 dpa will confirm or refute the predictions made through ion irradiations. This work
demonstrates that the LAIN approach can generate mechanical property information using ion
irradiations, and this process is faster than using neutron irradiations.
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