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Abstract

Even though nanocrystalline materials (20-100 nm) present an unprecedented potential, scientific
knowledge related to the effect of neutron irradiation on the mechanical properties and microstructure is
still scarce. Most of the past studies were conducted using ion irradiation which may not have the same
effect as neutron irradiation because of the smaller irradiation volume and the higher dose rate. To reach a
firm conclusion on the potential of nanocrystalline materials for nuclear reactor applications, extensive
study of model metals with different stacking fault energy (SFE) is required to elucidate their behavior in
radiation environments. Nanocrystalline copper and nickel are typically chosen because they are commonly
used as model FCC metals in studies of radiation effects. Nickel is an FCC metal with a high stacking-fault
energy (~125 mJ/m?) compared to copper (~45 mJ/m?). Hence, microcrystalline and nanocrystalline nickel
samples were irradiated in the INL’s Advanced Test Reactor (ATR), as a part of FY08 North Carolina State
University NSUF Irradiation Experiment# 96 to evaluate the irradiation behavior of these materials. The
objective of this FY20 NSUF project# 19122 is to perform PIE (at PNNL NSUF facility) on previously
ATR-neutron irradiated (1.2 and 2.6 dpa; 80-89°C) nanocrystalline and microcrystalline nickel samples to
investigate the changes in mechanical properties and microstructures and evaluate whether nanocrystalline
nickel is relatively more radiation resistant compared to conventional microcrystalline nickel. To perform
PIE at PNNL, sixteen neutron irradiated specimens (microcrystalline and nanocrystalline) were transferred
from the NSUF Nuclear Fuels and Materials Library at INL. Experimental techniques such as SEM/EBSD,
XRD, TEM, Vickers microhardness and tensile testing were employed to characterize the effect of neutron
irradiation on the microstructure and mechanical properties of nanocrystalline nickel and compared them
with corresponding characteristics of microcrystalline nickel.

Abstract ii
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1.0 Introduction

The ever-growing energy demand along with a noticeable depletion in traditional energy resources all
over the world has revived the interest in developing advanced nuclear power systems. Structural materials
for the next generation nuclear reactor designs are expected to serve in more severe operating conditions
(such as higher temperature environments and irradiation exposures) than the current light water reactor
(LWR) designs. These conditions are imposed to satisfy stringent requirements such as longer life cycle,
higher efficacy of energy conversion, and safety during normal and accident conditions [1-2].

During irradiation, point defects (vacancies and interstitials) are produced because of displacement
cascades [3-7]. At the macroscopic scale, the well-known deterioration of mechanical, thermal, and physical
properties of materials in radiation environments is attributed to the accumulation of radiation induced point
defects that leads to the formation of microscopic scale defect structures such as dislocations and voids [3-
6]. Hence, the ability of a material to eliminate or reduce irradiation-induced point defects while
maintaining mechanical properties determines its radiation tolerance [7-8]. Thus, identifying or designing
materials with a tailored response that can sustain high amounts of radiation damage while maintaining
their mechanical properties is a grand challenge in materials research [9].

One method to suppress accumulation of radiation induced point defects is by annihilating them at
interfaces such as grain boundaries (i.e., grain boundaries are sinks for point defects) [7]. It has been shown
that a large amount of grain boundary area will help to prevent accumulation of defects that can adversely
affect mechanical properties [7,10-18].

1.1 Nanocrystalline materials

Nanocrystalline (NC) materials with a grain size ranging from 20-100 nm have been shown to possess
favorable properties in comparison to their conventional microcrystalline (MC) counterparts [19-22]. In
general, NC materials exhibit superior mechanical properties characterized by high values of yield and
fracture strength, hardness, and superplastic deformation behavior [19-20]. The general consensus identifies
the difficulty of dislocation movement inside smaller grains as the underlying reason behind the high
strength of NC materials [22]. A schematic depiction of a nanocrystalline material is shown in Figure 1.
The grain-boundary atoms are white and are not clearly associated with crystalline symmetry [19].

Generally, NC metals have higher strength and hardness values compared to their conventional grain
sized counterparts (see Figures 2-4). However, NC materials often exhibit lower tensile ductility at room
temperature, which limits their practical utility. The elongation to failure is typically less than a few per
cent; the regime of uniform deformation is even smaller [23]. Strain hardening is required to minimize
mechanical instabilities that lead to local deformation (necking) and failure. The ability to strain harden
consequently becomes a vital criterion for ductility in nanostructured materials [20]. An approach that has
been used successfully to provide strain hardening in nanostructured materials is to introduce a bimodal
grain size distribution by appropriate processing methods [23]. The hypothesis was that the larger grains
should deform by the usual dislocation mechanisms and provide strain hardening, while the smaller
nanoscale grain would provide the strength and hardness as shown in Figure 2.

NC materials are characterized by a large volume fraction of interfaces and triple junctions [21]. Since
grain boundaries can act as sinks for irradiation-induced point defects, it was hypothesized that NC
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materials would possess enhanced radiation resistance compared to conventional microcrystalline (MC)
materials [7,13]. This is based on the premise that both thermal stability and mechanical integrity of the NC
materials will be maintained during irradiation [24]. The miniscule grain size of NC materials provides an
excess of short diffusion paths for irradiation-induced point defects to migrate and annihilate at grain
boundaries, instead of forming defect clusters [18]. Computer simulation studies [25-27] also demonstrated
that materials with large surface area of interfaces or grain boundaries have a potential to increase irradiation
resistance.

Figure 1. 2D model of a nanostructured material [19]
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NOTE: where oy is the yield stress, oo is @ materials constant for the starting stress for dislocation movement (or the
resistance of the lattice to dislocation motion), k is the strengthening coefficient (a constant specific to each material),
and dg is the average grain diameter.

Figure 2. Variation of yield stress as a function of grain size in microcrystalline (MC), ultrafine
crystalline (UFC) and NC materials [22]
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Figure 3. S-N fatigue response of electrodeposited NC nickel (grain size 20-40 nm) vs UFC nickel
(grain size ~300 nm) at R=0; 1 Hz in lab air environment. For comparison, literature values of the
range of endurance limit for MC pure nickel [22, 28]
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Figure 4. Stress-strain curves for Cu with different microstructures (A, annealed, coarse-grained

Cu; B, room temperature rolling to 95% cold work (CW); C, liquid-nitrogen-temperature rolling to

93% CW; D, 93% CW + 180°C, 3min.; and E, 93% CW + 200°C, 3 min - bimodal nanostructured

Cu that has 1-3 pm grains embedded in a matrix of nanoscale and submicron grains) [23]

1.2 Irradiation behavior of nanocrystalline materials

Several experimental studies have confirmed the enhanced radiation resistance of NC metals and alloys
over a range of irradiation conditions in terms of radiation type, exposure level, and temperature. Rose et
al. [7], evaluated the effect of 4 MeV Kr ions on nanocrystalline palladium (Pd) and zirconia (ZrO;) samples
with fluences from 1E15 to 2E16 Kr/cm?and observed drastic reduction of defect clusters in the small
grains below 50 nm. Other researchers also demonstrated that the defect density significantly reduces for
metals with nano size grains (below around 50 nm) [13]. Chimi et al. [29] performed 60 MeV *C ion
irradiation on NC gold and determined that irradiation-produced defects are thermally unstable because of
the existence of a large volume fraction of grain boundaries. EI-Atwani et al. [30] characterized the radiation
response of NC and ultrafine grained tungsten in an in-situ 2 keV He ion irradiation conducted at 950°C. A
lower bubble density was observed in NC tungsten (grain size < 60 nm) compared to ultrafine-grained
tungsten (grain size 100-500 nm). Kilmametov et al. [31] showed that a fully dense nanocrystalline Ti-50.6
at.% Ni alloy with a grain size of 23-31 nm had a higher resistance to irradiation-induced amorphization
compared to its MC counterpart following 1.5 MeV Ar* ion irradiation at room temperature. Furthermore,
researchers have also reported enhanced radiation resistance characteristics in various ultra-fine-crystalline
steel alloys following neutron and ion irradiations when compared to their MC counterparts [32-35].

In contrast, other studies in literature have shown evidence of thermal and structural instability of NC
materials under irradiation. Kaoumi et al. [36] conducted an in-situ ion irradiation study using Ar and Kr
ions to fluences more than 1E16 ion/cm? on nanocrystalline Zr, Pt, Cu, and Au to understand the
microstructural evolution under irradiation. Irradiation-induced grain growth was observed in all samples
in the investigated temperature range of 20-773K. Brogesen et. al. [37] performed an irradiation study on
nanocrystalline thin films of Ni, Co, Cr, V, and Ti using 600 keV Xe ions at liquid nitrogen temperature (to
eliminate any potential occurrence of thermally activated grain growth) and the resulting grain growth was
measured by transmission electron microscopy. Average grain sizes were seen to increase from about 10
nm to 18-35 nm, depending on the metal. Karpe et al. [38] characterized the developed microstructure of
Ar" and Xe" irradiated Fe and Zr-Fe thin films with a grain size of 70-120 nm and observed an increase in
grain size at all exposure levels.
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200nm

Figure 5. The microstructure of nanocrystalline SPD Cu-Al,Os (A) unirradiated and (B) proton
irradiated to 0.91 dpa [13]

t#"fg ISV~ g SOgrﬁ' B SR i
Figure 6. The microstructure of nanorystalline SPD Ni (C) uhirfaaiated (D) proton irradiated to
0.56 dpa [13]

Nita et al. [13] reported an increase in grain size (see Figure 5) of nanocrystalline Cu-0.5Al,0,

(prepared by severe plastic deformation - SPD) from 178 to 493 nm after a 590 MeV proton irradiation to
0.91 dpa at room temperature. Copper strengthened by Al-Os particles was examined instead of pure copper
for the added interest of studying grains stabilized by reinforcing particles. The number density of stacking
fault tetrahedra (SFT) was 1E22/m? with a mean size of 4.4 nm. Larger cascade size explains that the value
was larger than the size of SFT in Ni [39]. However, the average grain size (see Figure 6) of SPD Ni
decreased from 115 nm to 38 nm by proton irradiation to 0.56 dpa at room temperature. The number density
of SFT was 7.4E22/m® with a mean size of 2.5 nm. Electrodeposited NC nickel was irradiated by Ni* ions
of 840 keV up to 5 dpa at room temperature. The average grain size is about 30 nm and 20 nm as deduced
by TEM and XRD, respectively. Some grains were documented by TEM pictures before irradiation and
were observed after irradiation. All of them were retrieved with the same grain size and morphology, within
the resolution limit of dark field. Remarkable change of the angle between both grains did not occur after
irradiation although small change of the shape was observable. As radiation induced defects, SFT were
observed in irradiated material, while cavities or interstitial loops were not observed. The density of SFT
after 5 dpa was 5.9E22/m?,

Nita et al. [13] reported that there was a change in the grain size of SPD nanocrystalline Ni and Cu-
0.5Al,03 after proton irradiation at room temperature with opposite tendency, namely, refinement of grains
in Ni and growth of grains in Cu-0.5Al,03. According to annealing experiments, grain growth for both SPD
nanocrystalline materials starts at about 175°C [40]. Thus, the possibility of grain growth in SPD Cu-
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0.5Al,03 due to the annealing of the specimen can be excluded because the irradiation temperatures were
below 100°C in her study, even though the melting point of Cu is lower than Ni. Several researchers
reported grain growth of thin foil nanocrystalline by irradiation [38,41-42]. They concluded that the grain
growth in thin foil specimens is due to the enhancement of grain boundary mobility by irradiation or thermal
spike diffusion in the cascade. This mechanism could be adapted to the grain growth in SPD Cu-0.5Al,0s3,
although this scenario cannot explain the refinement of grains in SPD Ni. One possible mechanism is that
defect clusters produced by irradiation migrate to sub-grain boundaries and form a cell structure that
eventually may result in the formation of new smaller grains. Another possible mechanism for refinement
of grains was reported by computational work [43]. They suggest that a cascade that is larger than the grain
size forms a stacking fault across the grain, breaking the grain into two separate crystalline entities, thus
leading to grain refinement. In Nita ez al.’s study [13], the size of the sub-cascades is about 17 nm for a
corresponding 2.5 MeV recoil produced by the 590 MeV protons. Although the size of a cascade is smaller
than the average grain size of unirradiated SPD Ni, overlap of cascades could support this mechanism.
There was no change in the grain size under ion irradiation even for the specimen irradiated to 5 dpa.
Although there are many differences between proton and ion irradiation such as damage rate, bulk, or thin
foil irradiation, 300 keV of recoil atom induces 12 nm of cascade which is smaller than the mean grain size
of ED (electrodeposited) Ni irradiated by ions. No evidence of change in grain size, such as stacking fault
across the grain for grain growth or accumulation of defect clusters for cell structure was observed by ion
irradiation.

1.3 Need to perform extensive irradiation performance studies of
nanocrystalline model metals

As mentioned in the previous section, there is disagreement in the literature related to the radiation
resistance of NC metals and alloys. Even though NC materials present an unprecedented potential, scientific
knowledge related to the effect of neutron irradiation on the mechanical properties and microstructure is
still scarce. To reach a firm conclusion on the potential of NC materials for nuclear reactor applications,
extensive study of model metals with different stacking fault energy (SFE) is required to elucidate their
behavior in radiation environments. Nanocrystalline copper and nickel are typically chosen because they
are commonly used as model FCC metals in studies of radiation effects. Nickel is an FCC metal with a high
stacking-fault energy (~125 mJ/m?) compared to copper (~45 mJ/m?) [44].

The stacking fault energy (SFE) is one of the most important properties of FCC crystals that affects
mechanical behavior, defect structure and dislocation behavior [45-46]. SFE represents the energy
associated with interrupting the normal stacking sequence of a crystal plane, which significantly affects the
mobility of defects, defect clusters and dislocations, and therefore influences the defect evolution and
material performance in extreme environments (such as irradiation and high temperature). Generally,
deformation twinning is favored in low SFE materials while dislocation slip dominates in high SFE
materials [47].

Based upon the information available in the literature, Ni appears to be an uncharacteristic FCC metal
with respect to its irradiation response [48-49]. Molecular dynamics as well as ion and neutron irradiation
studies show that Ni exhibits a lower defect production rate than those seen in other FCC metals, such as
Cu, Au and Pd, but higher than BCC metals such as Fe, and the ratio of SFTs to dislocation loops seems to
evolve with dose (with a threshold dose between 0.01 and 0.1 dpa) while it is constant for Cu and Au. The
total defect density observed in copper at homologous temperatures below 0.3 Tw (for Cu it is 135°C, and
for Ni it is 245°C) is a factor of 5 to 10 higher than those observed in irradiated nickel [48-50]. Thus,
conventional-grained copper and nickel exhibit significantly different responses to energetic particle
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irradiation despite their similarities in mass. These differences in microstructural behavior of Cu and Ni
may be due to the differences in their displacement cascade (thermal spike) evolution [48].

For FCC metals, defect clusters can have numerous possible configurations [51]. Static energy
calculations based on dislocation theory have shown that the stable configuration depends on the SFE as
well as the cluster size [52]. Vacancy clusters in FCC metals can be either stacking fault tetrahedra, Frank
loops, voids or perfect loops depending on the SFE and other factors. Stacking fault tetrahedra (as shown
in Figures 7-8) are frequently observed in FCC metals and alloys with low SFE, such as Ag, Au, Cu, and
stainless steels. For copper and nickel, SFTs and dislocation loops, respectively, are the dominant defects
[53]. The stacking fault energies play a significant role in the formation of SFTs in metals and alloys. The
lower proportion of SFTs formed in Ni relative to the those formed in Cu might be due to the higher stacking
fault energy for Ni. However, there are other parameters like irradiation temperature, dose, flux, starting
microstructure, type of irradiating particles, etc., which play an important role in the formation of radiation-
induced defects. The formation of SFTs during irradiation poses a serious challenge for reactor structural
materials because they are very stable, and their removal requires high-temperature annealing, annihilation
by interstitials or mobile dislocations. The interactions between mobile dislocations and SFTs can modify
the mechanical properties, such as strengthening and plastic instability.

Figure 7. TEM weak beam images showing SFTs (bright contrast characterized by a triangular
shape) in conventional-grained Cu and Ni irradiated (590 MeV protons) at room temperature at
a dose of 0.046 dpa and 0.0083 dpa, respectively [44]
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Figure 8. Size distributions of irradiation-induced defects in Cu and Ni for an irradiation dose
around 10E-2 dpa. Black, SFTs; white, loops; grey, unidentified defects (black dots); Cu presents
90% of SFTs while Ni present values of 40-50% [44]
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There are some discrepancies in published results focused on conventional-grained Ni irradiated by
neutrons, ions, or protons. In addition, previous work has also shown radiation resistance discrepancies
with respect to grain size after proton and ion irradiation on nanocrystalline nickel. Most of the past studies
were conducted using ion irradiation which may not have the same effect as neutron irradiation because a
smaller irradiation volume and the higher dose rates. To reach a firm conclusion on the potential of NC
materials for nuclear reactor applications, extensive study of model metals with different stacking fault
energy (SFE) is required to elucidate their behavior in radiation environments. Even though NC materials
present an unprecedented potential, scientific knowledge related to the effect of neutron irradiation on the
mechanical properties and microstructure is still scarce. Hence, it is essential to perform neutron irradiation
on nanocrystalline and regular nickel samples and perform irradiation studies to determine whether the
large grain boundary surface area per unit volume prevents, delays, or minimizes the effects of radiation
damage.
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2.0 Objectives

The major objective of this project is to perform post irradiation examination (PIE) of previously ATR
neutron irradiated nanocrystalline and conventional polycrystalline nickel to investigate the changes in
mechanical properties and microstructures and evaluate whether nanocrystalline nickel is relatively more
radiation resistant compared to conventional polycrystalline nickel.

The mechanical properties of irradiated alloys can change significantly upon exposure to neutrons in
the reactor, and it has been studied extensively in various alloy systems and under different irradiation
conditions [54-55]. The two main categories of mechanical property changes occurring at low temperatures
(below 1/3 of the absolute melting temperature) that are of critical importance to reactor materials are:
radiation-induced hardening, usually referring to an increase in yield stress and ultimate tensile stress as a
function of irradiation dose or temperature, and radiation-induced embrittlement or a reduction in plastic or
ductile deformation occurring before failure [56].

Radiation hardening is a phenomenon of long-standing interest in the field of nuclear materials. This
interest stems from both fundamental and practical considerations. From the fundamental point of view,
radiation hardening results from the interaction of slip dislocations with radiation-produced defects and
defect clusters. Hence, it is desirable to have a comprehensive understanding of these interactions, similar
to the background of knowledge of the nature of plastic deformation in the absence of radiation. From the
practical point of view, radiation hardening is important because of the need to identify advanced materials
for the next generation of nuclear reactors.

Structural materials undergo hardening and embrittlement upon exposure to neutrons in the reactor,
especially at temperatures below 0.3 Tm (where Twm is the absolute melting temperature). A better
appreciation of the nature of radiation hardening and its relationship to radiation embrittlement would
help to improve the design, operation, and safety of nuclear reactors.

Experimental techniques such as SEM/EBSD, XRD, TEM, Vickers microhardness and tensile testing
will be employed to characterize the effect of neutron irradiation on the microstructure and mechanical
properties of nanocrystalline nickel and compare them with corresponding characteristics of
microcrystalline nickel. Efforts will be made to understand the microstructural evolution and the
concomitant changes in mechanical properties of nanocrystalline nickel to be considered for nuclear
applications.

Some key questions that we would like to answer are:

o What is the effect of neutron irradiation on the mechanical properties of nanocrystalline nickel
(radiation hardening and ductility)?

o What is the effect of neutron irradiation on the grain size of nanocrystalline nickel? Other researchers
have seen grain refinement after proton irradiation and no change after ion irradiation.

o What is the effect of higher stacking fault energy on the irradiation behavior? Will the behavior be
different from Cu (previously studied under a NSUF project) [57]?

o What is the number density of stacking fault tetrahedra (SFT) and mean size?

o Does nanocrystalline nickel show significant reduction of defect clusters, when compared with
microcrystalline Ni?



PNNL-36050

3.0 Materials

In this project, nanocrystalline and conventional polycrystalline nickel samples were evaluated to
determine whether the large grain boundary surface area per unit volume prevents, delays, or minimizes
the effects of radiation damage. The nanocrystalline nickel investigated in this work was synthesized via
the electrodeposition technique and it was acquired from a vendor, and subsequently annealed. The
conventional polycrystalline nickel samples were legacy materials from the Nuclear Material Laboratory at
North Carolina State University. The conventional grained sheets (ranging in thickness from 0.2 mm to 0.5
mm) were 99.0% pure while the nanocrystalline sheets (ranging in thickness from 0.1 mm to 0.35 mm) did
not have any high purity claim.

In order to evaluate the microstructure and mechanical properties, samples of different geometries as
shown in Figure 9 were prepared (&) 3 mm x 5.3 mm plates for hardness measurements as well as
microstructure characterization techniques such as X-ray diffraction (XRD), optical microscopy (OM), and
scanning electron microscopy (SEM); (b) 2 mm gauge length miniature tensile samples for tensile tests; (c)
Thick TEM discs for shear punch testing (d) 3 mm discs for microstructure characterization via transmission
electron microscopy (TEM).
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Figure 9. Experimental sample designs (a) hardness testing block (b) tensile sample design (c)
TEM sample blank and (d) 3 mm thick TEM discs
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4.0 Experimental Methods

4.1 Sample Preparation

PNNL has different types of radiological hoods and benchtop contamination areas (CAs) for handling
various nuclear materials (such as depleted uranium and low-enriched uranium; and irradiated structural
materials). These neutron irradiated nanocrystalline and microcrystalline nickel samples contain Ni-63 hard
to detect (HTD) isotope. Hence, all sample preparation (grinding and polishing) operations were performed
in a workspace with a HTD posting. As per the HTD isotopes handling requirement, the Radiological
Protection Technician (RPT) took smears from these samples and obtained readings in the count lab (using
more sensitive equipment) besides using the regular alpha, beta, and gamma detection instruments in the
laboratory prior to sample transfer from HTD CA to other non-HTD CA and HTD CA locations. Generally,
researchers can do transfer CA-CA transfer using proper protocols. However, researchers cannot do any
transfer involving HTD isotopes without a RPT support, since they do not have access to count lab to obtain
readings from HTD smears. Hence, it requires a longer time to perform post irradiation examination (PIE)
and increased cost of RPT support.

A susnien Minimet' 1000 |

GRINDER-POUSHER

' ‘Figure 11: Buehler MiniMet 1000 utilized for neutron irradiated sample preparation.

Sample preparation (grinding and polishing) of neutron irradiated nickel hardness samples (about 200-
500 um thick) was performed in a radiological laboratory. Samples were mounted using a using the standard
epoxy system (one sample/mount), as shown in Figure 10. A small amount of glue was employed to hold
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the small sample down (less mass) while partially filling the plastic cup with liquid epoxy. A vacuum
impregnation system was utilized to remove any air bubbles, prior to completely filling the plastic cup with
liquid epoxy.

PNNL has several semi-automatic polishers and vibratory polishers for preparing depleted/low-
enriched uranium, and irradiated materials. A Buehler MiniMet 1000 (see Figure 11) present inside a
radiological hood (with a HTD isotopes posting) was utilized to perform the initial sample preparation (up
to 1200 grit SiC paper) of irradiated nickel samples. A PaceTech GIGA-S vibratory polisher with removable
bowls was utilized to perform the final sample preparation (up to 1-micron finish) of neutron irradiated
nickel samples with Ni-63 HTD isotope, as shown in Figure 12. Unirradiated nickel samples were polished
using vibratory polisher to a sub-micron finish (colloidal silica) for EBSD studies.

: _ — S >
Figure 12: Vibratory polisher for irradiated samples with HTD isotopes.

4.2 Optical Microscopy

Conventional polycrystalline nickel samples were examined using an optical microscope to obtain
metallographic images. Grain size and grain size distribution were determined using these images. The
grain size of nanocrystalline nickel is too small to be evaluated using optical microscopy.

4.3 XRD

X-ray diffraction (XRD) was utilized to determine the grain size of nanocrystalline nickel. XRD
patterns from unirradiated nanocrystalline Ni were recorded by utilizing a Rigaku smart lab diffractometer
using CuK, radiation.

Diffraction data was collected from the irradiated nanocrystalline Ni samples using a Rigaku Smart
Lab X-ray diffractometer. The diffractometer was equipped with a rotating anode X-ray source and a
divergent beam incident monochromator referred to as a Johanson monochromator to yield a Cu K}
incident radiation. Bruker TOPAS software was used to perform a Whole Powder Pattern Modeling type
of diffraction line profile analysis to extract microstructure information from the diffraction patterns.
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4.4 SEM/FIB

Conventional microcrystalline and nanocrystalline nickel TEM samples were prepared using two
different FIB/SEMSs at PNNL using best known practices [58]. A ThermoFisher Quanta 3D FEG was used
primarily for sample trenching and lift-outs where a 30 kV beam with 2.5-9 nA currents were used. For
thinning, a ThermoFisher Helios Nanolab was used with voltages of 30, 15, 5, and 2 kV with a range of
currents between 10 pA - 0.46 nA. For flash electropolishing, samples were left 100-300 nm thick after
FIB. The samples were dipped into a 3.5% perchloric/ethanol electrolyte cooled to -30 to -50°C, and flash
electropolished for 10-50 ms using a voltage of 14-15 V [59]. Irradiated samples were not prepared in this
fashion due to time and budget constraints.

Care was taken to conduct final polishing at low-kV for the FIB prepared specimens, however black
spot damage due to Ga-ion milling was not entirely mitigated. Comparison of black spot damage between
the unirradiated and irradiated samples is therefore not one-to-one and should not be taken as absolute.

45 TEM

Microstructural characterization of nickel samples was conducted using an advanced analytical TEM
approach that can probe structure and chemistry down to the atomic scale. Defect density, including
dislocation lines, dislocation loops, stacking fault tetrahedra (SFTs), and black spot damage, was quantified
at each condition. Quantitative analyses of dislocation density and other defects will enable us to predict
the radiation hardening arising from various defects. In the case of nanocrystalline nickel samples, average
grain size was also calculated. Grain size of conventional microcrystalline sample was too large to be
captured in a typical focus ion beam prepared STEM lamella (10 um x 10 um). Hence, other techniques
such as optical microscopy and EBSD was utilized for evaluating the grain size of microcrystalline nickel
sample.

S/TEM analysis was conducted primarily on a probe-corrected JEOL GrandARM 300F instrument
operating at 300 kV. Imaging was conducted at two main conditions. For defect and dislocation imaging,
bright field (BF) STEM was utilized with convergence semi-angles between 6.9-13.1 mrad, collection
angles of 14-55 mrad, and probe sizes of either 0.83 or 1.06 A. For imaging of sample uniformity and
thickness measurements, high angle annular dark field (HAADF) STEM was utilized with convergence
semi-angles between 20.6-27.5 mrad, collection angles of 68-280 mrad, and probe sizes of either 0.83 or
1.06 A. Electron energy loss spectroscopy (EELS) was used to measure the sample thicknesses for density
calculations. A GIF Quantum 665 spectrometer was used at a dispersion of 1 eV ch™. Absolute thickness
was calculated using the log-ratio absolute method.

4.6 Vickers microhardness

Vickers microhardness testing can be used to evaluate irradiation hardening requiring a small sample
volume. Mounted samples were polished up to 1-micron finish. Vickers microhardness testing was
performed on irradiated samples using a Future-Tech FM-7 microhardness tester as per the ASTM Standard
E384 [60]. Prior to testing these samples, a calibration block of known hardness (serial # 173001; HV 294;
300 gf; 15 s dwell time) was periodically used to verify the functioning of the equipment.



PNNL-36050

Initially, trial Vickers microhardness testing was performed using a 300-gf, 200-gf, 100-gf, and 50-gf
loads (15 s dwell) to determine the sizes of the indents in an irradiated microcrystalline nickel. The diagonal
lengths were about 47 pm, 38 um, 27 um and 19 pm, respectively. The thickness of samples was about
300-500 pum and after sample preparation it would have reduced to about 200-350 um. Generally, the
distance between each indent should be about 2.5 times the diagonal length. A 50-gf load was chosen since
the diagonal length is about 19 microns and it would less than 10% of the thickness of the polished sample.
Vickers microhardness testing was performed on neutron irradiated microcrystalline and nanocrystalline
nickel samples using a 50-gf load and dwell time of 15 seconds at room temperature. For each specimen,
at least 10 indents were made, and the average and standard deviation was calculated.

4.7 Tensile testing

The most desirable method to obtain mechanical properties and evaluate irradiation hardening (by
obtaining yield strength) is by tensile testing. It is essential to examine the changes in yield stress, work
hardening, and ductility because these parameters are measures of fundamental deformation and fracture
processes. Other important parameters to distinguish are the effect of grain size and neutron irradiation on
the work-hardening parameter, uniform, and total elongations.

Due to the unconventional geometry (see Figure 9) of the tensile specimens, special grips (see Figure
13) were machined at NCSU earlier and utilized for the tensile tests. An Instron 8801 servo-hydraulic
mechanical testing system was utilized for conducting tensile testing in displacement control mode. The
displacement rate during tensile testing was constant at a crosshead speed of 0.12 mm/min, which can be
converted to an estimated strain rate of 1E-3/s for specimens with a 2 mm reduced length. Tensile testing
was performed using shoulder-loaded grips as shown in Figure 13. Two small tapes were placed over the
grips to prevent irradiated sample from flying out at tensile fracture. The specimen gage width and thickness
were measured using a caliper prior to tensile testing.

ASTM Standard E8/E8M (metallic materials) was utilized for tensile testing and data analysis [61].
Load, displacement, and time were recorded during tensile testing. The displacement was measured from
the crosshead movement. The load data was obtained from the load cell. Engineering stress-strain curves
were generated by using load-displacement data recorded during testing along with initial specimen gage
width, thickness, and reduced length. These curves were used to determine the 0.2% offset yield strength
(YS), ultimate tensile strength (UTS), uniform elongation (UE), and total elongation (TE).

4 " } SN -
Figure 13: Photograph of a tensile specimen and grips utilized in this study. Two small tapes

were placed over the grips to prevent irradiated sample from flying out at tensile fracture.
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5.0 ATR irradiation experiment and shipment of neutron
irradiated samples to PNNL

5.1 Advanced Test Reactor (ATR) irradiation setup and parameters

The experimental data related to the effect of irradiation on nanocrystalline nickel is limited and most
of the past studies were conducted using ion irradiation which may not have the same effect as neutron
irradiation because of the smaller irradiation volume and the much higher dose rates. Hence,
microcrystalline and nanocrystalline Ni samples were irradiated in the Advanced Test Reactor (ATR) at
Idaho National Laboratory (INL) as a part of FY08 NSUF Irradiation Experiment to characterize the effect
of neutron irradiation on nanocrystalline nickel and compare the results with those of conventional
microcrystalline Ni to assess whether this large grain boundary surface area per unit volume prevents,
delays, or minimizes the effects of radiation damage.

Two capsules holding samples of both microcrystalline and nanocrystalline Ni samples were irradiated
in the center position of the East Flux Trap (EFT) at position E-7 in the ATR core (Figure 14a) [62]. Prior
to insertion in the ATR, the samples were prepared by grinding using a series of silicon carbide papers (600,
800, and 1200 grits) to optical flatness and then polished using colloidal silica to obtain deformation free
surfaces. Figure 14b is a schematic of the irradiation test assembly consisting of the experimental basket,
support rod and capsule assemblies. The support rod was inserted at the bottom of the experimental basket
to ensure that the test capsules were at the location of the maximum flux. The experimental basket was an
aluminum tube designed to be inserted into the capsule assembly in the ATR. The basket is designed to
allow for sufficient coolant circulation to prevent temperature distortions or mechanical effects and to
ensure that there is adequate mechanical support to secure the test capsule throughout the irradiation
process.

Figure 15 shows the sample holder design for the ATR irradiation experiment and a schematic of the
vertically stacked aluminum block sample holders in the test train assembly. Within each capsule, there
was a test train assembly with vertically stacked aluminum blocks designed to accommodate different
sample geometries. Each test train was then sealed in a stainless steel capsule to prevent contact with the
coolant water.

The prepared samples (both nanocrystalline and conventional microcrystalline nickel) were loaded into
samples holders (Figure 16a) and a thin aluminum disc was tack-welded to the open end of each holder to
secure the samples inside it. Each group of sample holders was strung together using aluminum rods and
were assembled into a sample train which was designed to hold the samples for easier removal after
irradiation and to help maintain the desired irradiation temperature (Figure 16b, ¢ and d). Finally, the sample
trains were sealed in a stainless steel containment capsule and back-filled with helium (Figure 16e). The
integrity of the capsules was verified using helium leak testing, dye penetrant testing and visual inspection.

The capsule assemblies contain the test trains (aluminum blocks and samples). The experiment basket
of the test assembly is an aluminum tube that was designed to interface the capsule assembly with the EFT
position E-7 in the ATR. The two capsules were irradiated concurrently for three ATR reactor cycles (144A,
144B, and 145A) to accumulate ~1 dpa at damage rate of ~7.52E-7 dpa/s. At the end of the first three cycles
one capsule was withdrawn from the reactor core and the other capsule was irradiated for additional three
cycles (145B, 146A, and 146B) to accumulate a total of ~2 dpa of damage. The irradiation temperature of
the Ni samples in the capsules was calculated using the finite-element-based code Abaqus [63] in
conjunction with Monte Carlo N-Particle (MCNP) code [64]. MCNP was employed to provide the heat
generation rate in each part of the capsule, which was then fed into the Abaqus model. According to the
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calculated temperature distribution profiles, the irradiation temperature of the nickel samples ranged from
78-89°C (Figure 17), depending upon the sample position in the irradiation capsule.

@ ®)
Figure 14. (a) Cross section view of ATR core with an arrow indicating irradiation test position E-
7; (b) schematic of the irradiation test assembly for the ATR East Flux Trap Position.
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Figure 15. (a) Sample holder design for the ATR irradiation experiment; (b) schematic of the
vertically stacked aluminum block sample holders in the test train assembly.

Capsule Tube
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Figure 16: (a) Sample loading into the aluminum holders; (b) Loaded sample holders before being
strung on the Al wire and loaded into the stainless steel capsules; (c) Sample holders strung
together with two fine aluminum wires; (d) Sample holder stack in the test train assembly before
loading into the stainless steel capsules; the Al wires have end beads to secure the stack; (e)
Test train assembly loaded into the experimental capsule tube.
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Figure 17: Irradiation temperature of nickel samples as calculated by finite element model using
Abaqus code in capsule irradiated up to (a) 1.2 dpa; and (b) 2.6 dpa.

5.2 PIE test matrix

The post irradiation examination (PIE) test matrix of this project is shown in Table 1.

Table 1: PIE test matrix of neutron irradiated (ATR) micro- and nanocrystalline nickel samples.

Nickel Unirradiated 1.2 dpa (neutron irradiated) 2.6 dpa (neutron irradiated)

. Hardness/XRD/TEM/ | 1 sample for hardness/XRD/TEM | 1 sample for hardness/XRD/TEM
Nanocrystalline

Sub-size tensile 3 sub-size tensile specimens 3 sub-size tensile specimens

. . Hardness/lOM/TEM/ 1 sample for hardness/TEM 1 sample for hardness/TEM
Microcrystalline . . . . . . . .

Sub-size tensile 3 sub-size tensile specimens 3 sub-size tensile specimens

NOTES: Number of neutron irradiated specimens: 16

5.3 Identification of neutron irradiated micro- and nanocrystalline
nickel samples

The following neutron irradiated microcrystalline and nanocrystalline nickel samples (Table 2), as a
part of an NSUF FY08 Irradiation Experiment project funded at NC State University (one of the first NSUF
projects; project # 08-96) were requested from the Nuclear Fuels and Materials Library (NFML) and efforts
were made to transfer these samples from INL NFML to PNNL. Our team has control samples required for

this study.
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Table 2: Neutron irradiated micro- and nanocrystalline nickel samples utilized in this project.

NSUF Specimen Specimen As-run Total | As-run Irradiation .
IB KGT pType Dose (dpa) Temperature (°C) Material

027-2008-096 112 Tensile 1.23 86.83
028-2008-096 116" Tensile 1.25 86.83 Nanocrystalline
029-2008-096 118" Tensile 1.25 86.83 Nickel
030-2008-096 114/337 Hardness 1.24 80.69
033-2008-096 240 Tensile 2.69 88.44
034-2008-096 244" Tensile 2.66 88.44 Nanocrystalline
035-2008-096 246 Tensile 2.65 88.44 Nickel
036-2008-096 242 Hardness 2.69 82.14
039-2008-096 111 Tensile 1.26 86.83
040-2008-096 113 Tensile 1.25 86.83 Microcrystalline
041-2008-096 117 Tensile 1.27 86.83 Nickel
042-2008-096 115 Hardness 1.26 80.69
045-2008-096 239 Tensile 2.60 88.44
046-2008-096 241 Tensile 2.59 88.44 Microcrystalline
047-2008-096 245 Tensile 2.56 88.44 Nickel
048-2008-096 243 Hardness 2.66 82.14

NOTE: " Tensile specimen shoulders were damaged during retrieval from capsules at INL. These
specimens were not tested at PNNL.

5.4 Transfer of neutron irradiated nickel samples from INL NFML to
PNNL

The PNNL staff obtained dose rate, smear information and isotopics information (Tables 3 and 4) from
the NSUF staff at INL. The PNNL radiological engineer reviewed the sample information and provided
authorization to perform work in a radiological laboratory without the requirement to use a hot cell after
updating the PNNL Radiological Work Permit (RWP). Based upon the isotopic information and type of
work to be performed, the PNNL radiological engineer analyzed the hard to detect (HTD) nuclides and then
required the radiological hood to be posted as “HTD Ni-63 radiological hood”. As per this requirement, the
Radiological Protection Technician (RPT) should take smears from these samples and obtain readings in
the count lab (using more sensitive equipment) besides using the regular alpha, beta, and gamma detection
instruments in the laboratory prior to sample transfer to other locations.

Figure 18: Photographs of irradiated nickel samples (placed individually inside Ziplock bags)
packaged inside a pig that was placed inside a shipping drum.
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After getting authorization from the PNNL radiological engineer to receive these sixteen neutron
irradiated nickel samples in two drums (drum 1 with seven and drum 2 with nine samples), the PNNL staff
informed NSUF staff at INL to ship these samples. Figure 18 shows photographs of irradiated nickel
samples (placed individually inside Ziplock bags) packaged inside a pig that was placed inside a shipping
drum at INL.

Table 3: Isotopics information of neutron irradiated nickel samples (two drums)

Drumé Number of _ Isotopes (Curies _
samples H-3 Ni-59 Co-60 Fe-55 Ni-63
1 7 2.49E-09 9.95E-04 4.39E-03 5.58E-03 1.21E-01
2 9 5.15E-09 2.06E-03 9.08E-03 1.15E-02 2.50E-01

Table 4. Gamma dose rate (mrem/hour) of neutron irradiated nickel samples

. Gamma Dose Rate -

Spelc\:li?nii ID KGT Sp_(le_(;gen (mrem/hour) Actgilsér(f_clj_:g;lon Material

Contact 30cm
027-2008-096 112 Tensile 250 15
028-2008-096 116" Tensile 150 7 12 dpa Nanocrystalline
029-2008-096 118" Tensile 170 7 ' Nickel
030-2008-096 | 114/337 Hardness 140 9
033-2008-096 240 Tensile 280 10
034-2008-096 244" Tensile 500 35 2.6 dpa Nanocrystalline
035-2008-096 246 Tensile 500 15 ' Nickel
036-2008-096 242 Hardness 200 15
039-2008-096 111 Tensile 7 <0.5
040-2008-096 113 Tensile 8 0.5 1.2 dpa Microcrystalline
041-2008-096 117 Tensile 8 0.5 ' Nickel
042-2008-096 115 Hardness 9 0.9
045-2008-096 239 Tensile 22 1
046-2008-096 241 Tensile 22 1.5 d Microcrysta”ine
047-2008-096 | 245 Tensile 20 15 gl Nickel
048-2008-096 243 Hardness 22 3.1

NOTE: * Tensile specimen shoulders were damaged during retrieval from capsules at INL. These
specimens were not tested at PNNL.

The gamma dose rate (mrem/hour) of neutron irradiated micro- and nanocrystalline nickel samples are
shown in Table 4. These nickel samples with relatively high induced radioactivity had been sitting outside
the ATR (i.e., in a INL hot cell) for more than ten years and would have decayed over time. Gamma dose
rate measurements showed that neutron irradiated nanocrystalline nickel samples at a higher dose rate (at
least 10X) than microcrystalline nickel samples. This is most probably due to differences in the purity of
the nickel samples. The conventional microcrystalline materials had a nickel purity of 99.0% while the
nanocrystalline nickel did not have any purity information.

Sample dose rates and smear information were also verified at PNNL after receiving the samples prior
to beginning any work. The gamma dose rates of these neutron irradiated samples were in the RA level (5-
100 mrem/hour) and hence, PIE was performed in the radiological labs present in 3410 (Materials Science
and Technology) building and 325 (Radiochemical Processing Laboratory). RPL hot cells were not required
for this PIE. Figure 19 shows the representative photographs of neutron irradiated hardness and tensile
specimens.
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Figure 19: Photographs showing (A) microhardness specimen —5 mm x 3 mm; (B) tensile
specimen - 7 mm length; (C-E) damaged (during retrieval) tensile specimens.
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6.0 Results

6.1 Optical microscopy

6.1.1 Unirradiated microcrystalline nickel - OM

Optical microscopy (OM) was performed to determine the grain size distribution (GSD) and the average
grain size of microcrystalline nickel. Figure 20 shows the optical micrograph and grain size distribution of
microcrystalline Ni. The average grain size of the microcrystalline nickel was 12.8 + 8.2 ym.

30 40
Grain Size (micron)

Figure 20. Optical microgph and grain size distribution of unirradiated microcrystalline nickel

6.2 EBSD

6.2.1 Unirradiated microcrystalline nickel - EBSD
EBSD studies (Figure 21) were performed on unirradiated microcrystalline nickel samples (rolling,

transverse, and normal directions) and the mean grain size was determined to be 16-20 um. Figure 22 shows
the grain size distribution and texture of unirradiated microcrystalline nickel.
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Figure 22: EBSD
nickel sample.

- Grain size distribution and texture (FCC rolling) of unirradiated microcrystalline
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6.3 TEM

6.3.1  Microcrystalline nickel - TEM

The grain size of microcrystalline nickel is over 10 um and therefore the grain size analysis was not
conducted using S/TEM as only 1-2 grains were captured in each TEM lamella (10 pm x 10 um). However,
dislocation line and loop densities, stacking fault tetrahedra (SFT), and black spot damage in the
unirradiated and irradiated conditions were characterized using TEM. To characterize the defects, a BF-
STEM imaging condition was employed. Both on- and off-zone imaging was conducted to capture
dislocation loops, SFTs, and black spots. Typically, the on-zone imaging was taken at the [110] zone-axis,
and off-zone was conducted towards a g200 condition. For each material condition, 2-3 images were
examined for defect quantification. Black spots, SFTs, and dislocation loops were manually counted and
tabulated.

Table 5: Dislocation line density for each material condition of the conventional microcrystalline
nickel samples.

Dose (dpa) | Dislocation Line Density (#/m)
0 1.73 x 10
1.2 1.71 x 10
2.6 1.50 x 10*
a) As-received b) 1 dpa c) 2dpa
] - R VD" 4 > n & -

\-". > 4 oA 1
\d » .~ 02pm : 00 nm

Figure 23: BF-STEM images (microcrystalline nickel) of dislocation line networks in the a) as-
received, b) 1.2 dpa, and c) 2.6 dpa neutron irradiated conditions.

Initial unirradiated microcrystalline sample was flash electropolished to reduce Ga-ion damage from
FIB. Despite the use of flash electropolishing, small black spots were found in the as-received condition.
This could be due to remnant Ga ion FIB damage or in some cases the residue from the flash polishing
solution. Again, it is hard to compare the black spot damage directly between the flash polished and FIB
polished samples. However, we can compare the SFTs, and dislocation loops present in the irradiated
condition compared to the unirradiated samples.

There were dense dislocation networks present in the unirradiated microcrystalline sample suggesting
cold work or some sort of processing related damage prior to neutron irradiation. The dislocation line
density was measured using the circle intercept method on images taken in an off-zone BF-STEM
condition, and the values for each material conditions are shown in Table 5. Neutron irradiated samples
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were not flash electropolished prior to performing TEM studies. After neutron irradiation, there was a slight
decrease in the dislocation line density, and it was the lowest at 2.6 dpa. This reduction after neutron
irradiation could be related to the exposed irradiation temperature (80-89°C) and duration (2.6 dpa samples
sat in the reactor for a longer time) that resulted in annealing of dislocations as compared to the unirradiated
condition. In fact, if we look at representative images (Figure 23) from the unirradiated and irradiated
samples, the dislocation network appears to be fragmented in the irradiated samples — splitting into loops
and black spots. The 1.2 dpa sample is thicker in the imaged region than the 2.6 dpa sample by about 40
nm, hence it is more challenging to differentiate individual dislocation lines. The unirradiated sample is
free from FIB Ga ion damage since it was flash electropolished (no black spots). However, small loops can
be seen in the unirradiated sample.

100 nm

and c) 2.6 dpa conditions. Examples of black spots are highlighted with blue, SFTs with orange,
and dislocation loops with purple circles.

Figure 25: High magnification TEM (ADF and BF) images showing SFTs (orange circles) of size
about 3 nm in the neutron irradiated (2.6 dpa) microcrystalline nickel.

The number densities of irradiation induced defects such as SFTs and dislocation loops in conventional
microcrystalline samples are shown in Table 6. The black spot damage was consistent between FIB
prepared samples. There were some remaining black spots in one of the unirradiated flash polished sample.
An image from this sample is included in Figure 24 with a black spot highlighted with a blue circle.
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Representative BF-STEM images of each material condition are included in Figure 24 with each defect
type highlighted by a colored circle; blue for black spots, orange for SFTs, and purple for dislocation loops.
SFTs were not present in the unirradiated samples. However, these were seen in the neutron irradiated
samples. Figure 25 shows the representative high magnification TEM (BF and ADF) images showing SFTs
of size about 3 nm in a neutron irradiated (2.6 dpa) microcrystalline nickel sample. The number density of
dislocation loops increased by an order of magnitude in neutron irradiated samples.

Table 6: Number densities for dislocation loops, SFTs, and black spots in the microcrystalline
nickel samples before and after neutron irradiation.

Dose (dpa) Dislocation Loops (#/m® | SFTs (#/m® | Black Spots (#/m?®)

0 241 x10%° 0 4.91 x 10%
1.2 2.70 x 10% 2.91 x 10 2.35 x 10%
2.6 1.43 x 10 1.91 x 10 3.54 x 10%

6.3.2 Nanocrystalline nickel - TEM

BF-STEM imaging was conducted over a large area of the nanocrystalline nickel TEM lamella and the
grain size was measured using the line-intercept method before and after neutron irradiation. Representative
images of the unirradiated and neutron irradiated (1.2 and 2.6 dpa) samples are shown in Figure 26. Table
7 shows representative line lengths and intercepts used to calculate the average grain size of nanocrystalline
nickel in the unirradiated condition. Table 8 contains the average grain size of nanocrystalline nickel before
and after neutron irradiation. The unirradiated sample has truly nanocrystalline-size grains with average
diameter of 17.2 nm £ 2.4 nm. After neutron irradiation (actual irradiation temperature: 80-89°C), the grain
size increased to 448 and 519 nm, respectively for the 1.2 and 2.6 dpa conditions. Though some of this
grain growth may be due solely to the irradiation, we hypothesize that the irradiation temperature and time
also played a major role. Indeed, the grain sizes of 1.2 dpa and 2.6 dpa samples are within the uncertainty
of each other.

2

200 nm g o 4

Figure 26: BF-STEM iméges of a) unirradiated, b) 1.2 dpa, and c) 2.6 dpa nanocrystalline nickel
samples. Grain size increased during irradiation from an average of 17 nm diameter to 519 nm.

To characterize defects in the material, a BF-STEM imaging condition was employed. Figure 27 shows
representative BF-STEM images of nanocrystalline nickel before and after neutron irradiation (1.2 and 2.6
dpa) with each defect type highlighted by a colored circle; blue for black spots, orange for SFT’s, and purple
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for dislocation loops. Even though the unirradiated samples were flash electropolished (to reduce Ga ion
FIB damage), there does seem to be some residual damage in the sample, perhaps from the initial FIB lift
out process. It is hard to compare the black spot damage directly between the flash electropolished and FIB
polished samples. However, we can compare the SFTs, and dislocation loops present in the irradiated
condition compared to the unirradiated sample. SFTs were not present in the unirradiated condition.
However, SFTs were observed in neutron irradiated nanocrystalline nickel samples and the number density
was slightly less in the 2.6 dpa condition sample when compared to 1.2 dpa condition (see Table 9). The
number density of dislocation loops was the highest in 2.6 dpa sample and it reduced in the case of 1.2 dpa
sample. Figure 28 shows the representative high magnification TEM (BF and ADF) images showing SFTs
of size about 3 nm in a neutron irradiated (2.6 dpa) nanocrystalline nickel sample. The number densities of
irradiation induced defects such as SFTs and dislocation loops were higher when compared to the
conventional microcrystalline nickel irradiated samples.

Table 7: Representative line lengths, intercepts, and grain size for one image of the unirradiated
nanocrystalline nickel.

Image 1 Length (nm) | Intercepts (#) | Average Grain Size (nm)
Line 1 427.7 21 20.367
Line 2 307.7 16 19.231
Line 3 295.8 20 14.790
Line 4 342.7 17 20.159

Table 8: Average and standard deviations for unirradiated and neutron irradiated nanocrystalline
nickel samples.

Unirradiated | Neutron Irradiated (1.2 dpa) | Neutron Irradiated (2.6 dpa)

Average Grain Size (hm) 17.2 448.2 518.9
Standard Deviation (nm) 2.4 79.5 72.7

a) As-received

2kl 3 .(&

Figure 27: BF-STEM images of nanocrystalline nickel samples: a) unirradiated, b) 1.2 dpa, and
c) 2.6 dpa in defect imaging conditions. Blue circles highlight black spot damage, orange SFT’s,
and purple dislocation loops. In c) examples of both edge on and in-plane loops are highlighted.
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Figure 28: High magnification TEM (ADF and BF) images showing SFTs (orange circles) of size
about 3 nm in the neutron irradiated (2.6 dpa) nanocrystalline nickel.

Table 9: Number densities for dislocation loops, SFTs, and black spots in the nanocrystalline
nickel samples before and after neutron irradiation.

Dose (dpa) Dislocation Loops (#/m®| SFTs (#/m® | Black Spots (#/m®)
0 1.28 x 10%* 0 2.62 x 102
1.2 1.06 x 10% 1.68 x 10% 3.17 x 102
2.6 5.12 x 10% 1.11 x 10% 4.49 x 10%

Figure 29 shows BF-STEM images of unirradiated and neutron irradiated (1.2 and 2.6 dpa)
nanocrystalline nickel samples, where dislocation lines could be observed. Due to the very small grain size,
any larger dislocation networks were likely annihilated at grain boundaries. However, there were higher
number of smaller dislocation lines and some twins. This could be partially attributable to the FIB thinning
process; however, the density remains smaller than in the irradiated conditions. With the increase in grain
size during neutron irradiation (80-89°C), dislocations were observed in the irradiated nanocrystalline
nickel (Figure 29 b & c). The dislocation line densities of both the 1.20 and 2.6 dpa samples are included

in Table 10, with the higher dose sample having a slightly denser network.

A significant number of twins appeared to form after neutron irradiation (80-89°C) in the
nanocrystalline nickel samples. Figure 30 includes an a) overview and b) high-resolution image of a twin
boundary with c-f). indexed FFT patterns. The interfacial region appears to have a sublattice but was not
further investigated at this time.

Table 10: Dislocation line density for each material condition of the nanocrystalline nickel.

Dose (dpa) | Dislocation Line Density (#/m)

0 9.06 x 10%*

1.2 1.29 x 10

2.6 1.41 x 10"
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a) As-received c)2dpa

Grain of Interest
5 4
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Fiure 29: BF-STEM iages of ) nirrdiated; b) 1.2 dpa and c) 2.6 dpa nanocrystalline nickel
samples showing dislocation lines.

¢ Matrix. ch e) Twin
119 plane

¥ e

Figure 30: STEM images of a twin boundary in the 1 dpa irradiated nanocrystaline nickel. a) BF
overview of the twin, b) HAADF high resolution of a twin boundary, indexed FFT patterns of c) the
matrix, d) the twin, e-f) the interfacial region with the twin plane highlighted in green in e).

6.4 XRD

Diffraction data was collected from unirradiated and neutron irradiated nanocrystalline nickel samples
to evaluate the changes in grain size. XRD was not performed on microcrystalline nickel samples since we
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do not expect grain growth at the irradiated conditions. In addition, XRD is not well-suited to determine
the grain size of materials over 100 nm (i.e., hundreds of nm to pum range).

6.4.1 Nanocrystalline nickel - XRD

XRD patterns were recorded from the unirradiated nanocrystalline nickel by a Rigaku smart lab
diffractometer using CuK, radiation. The peak broadening observed in the diffraction pattern enabled
estimation of the average grain size, using both the Scherrer formula [56-57] and the Williamson-Hall plot
method [58]. The XRD profile of the sample is shown in Figure 31. The grain size for nanocrystalline nickel
determined using XRD was found to be 25.4 nm. The broad XRD peaks indicate a smaller grain size and
the enhanced intensity of the (200) peak signifies the presence of a preferred orientation in the
electrodeposited nanocrystalline Ni foil.
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Figure 31: The XRD pattern obtained from unirradiated nanocrystalline nickel.

Diffraction data was collected on the neutron irradiated nickel samples using a Rigaku Smart Lab X-
ray diffractometer with Cu K,! incident radiation. Bruker TOPAS software was used to perform a Whole
Powder Pattern Modeling type of diffraction line profile analysis to extract microstructure information from
the diffraction patterns. An overlay of the 1 1 1 diffraction peak of neutron irradiated nanocrystalline nickel
samples (1.2 and 2.6 dpa) is shown in Figure 32. The differences in peak shapes for each of the nickel
samples is subtle but clear. The diffraction pattern of each sample is shown in Figures 33-34.

140,000 Red: Nanocrystalline nickel (1 dpa)
1 Blue: Nanocrystalline nickel (2 dpa)
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Figure 32: An overlay of the 1 1 1 diffraction peak of neutron irradiated nanocrystalline nickel
samples (1.2 and 2.6 dpa) to highlight the differences in peak shapes.
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Figure 33: Diffraction pattern of neutron irradiated nanocrystalline nickel sample (1.2 dpa) shown
in black. Pawley fit of observed diffraction pattern shown in red. The difference between the fit
and observed patterns is shown in gray.
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Figure 34: Diffraction pattern of neutron irradiated nanocrystalline nickel sample (2.6 dpa) shown
in black. Pawley fit of observed diffraction pattern shown in red. The difference between the fit
and observed patterns is shown in gray.

A lognormal distribution of spherical crystallites was used as the model for crystallite size distributions.
The p and ¢ parameters in Table 11 refer to the refined parameters for the lognormal distribution model
used to represent peak broadening for crystallite size. Equation 1 is the lognormal distribution of crystallite
sizes (D) that are a function of the refined parameters, p that lognormal mean and o, the lognormal variance.
A plot of the log normal distributions refined from the XRD analysis are shown in Figure 35. The equivalent
volume weighted mean column length, Lo, typically reported from XRD line profile analysis is also
reported in Table 11. The common slip plane model for FCC structures of the {1 1 1} close pack planes
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slipping in the <1 1 0> direction was used as a defect model along with an isotropic distortion model. The
density of slip plane defects is reported as p and the isotropic strain parameter is reported as e° in Table 11.

_([nD—,u,)2

252 Equation 1

1
gl(D) = D(I\/ﬁe

Table 11: Refinement results of the XRD pattern analysis of the neutron irradiated
nanocrystalline nickel samples.

Parameter/Nanocrystalline Nickel Unirradiated Neutron Irradiated Neutron Irradiated
0 dpa 1.2 dpa 2.6 dpa
WPPM results
Ln parameter p (nm) 4.92011 (0.27) 5.10809 (0.13)
Ln Parameter ¢ (nm) 0.30686 (0.11) 0.22248 (0.051)
p (defects x10® /m?) 0.09063 (0.01) 0.04630 (0.0098)
Lvoi from WPPM (nm) 16 nm (equivalent) 143 (79) 147 (32)
e’ (Ad/d) 0.0015 0.00033 (0) 0.00023 (0)
Unit cell parameter (A) 3.523129 3.522216

NOTE: The fit error for each refined value is in parentheses following the value.

— KGT337
— KGT242
KGT 337: Nanocrystalline nickel (1 dpa)
KGT 242: Nanocrystalline nickel (2 dpa)
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Figure 35: Plots of the lognormal distributions of crystallite sizes for the neutron irradiated
nanocrystalline nickel samples (1.2 and 2.6 dpa) as determined by XRD line profile analysis.

Both the crystallite size and dislocation model selections involve assumptions. The crystallite size
model assumes a lognormal distribution of spherical crystallites and only parameters of that distribution are
refined. This contrasts with STEM imaging where one can directly measure individual grains to establish a
distribution or average value. The dislocation model assumes the slip dislocations described and is based
on contrast factors calculated based on nickel elastic constants C1; = 261 GPa, C1» 150 GPa and Cas4 130
GPa. There is no direct observation of dislocation loops like in STEM. In addition, the accuracy of
crystallite size distributions gets inaccurate around 100 nm. When crystallites get larger the diffraction peak
with contribution from the crystallite size convolution becomes minimal and hard to quantify.

To make these results more comparable to those obtained from STEM, it is possible to convert the
refined lognormal distribution parameters to the mean and standard deviation of the distribution. The mean
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and standard deviation relationships are shown below, and the summary of these conversions is shown in
Table 12. XRD is generally not well-suited to determine the grain size of materials over 100 nm (i.e.,
hundreds of nm to um range). Hence, average grain sizes of neutron irradiated samples as determined by
XRD are much lower than those determined using TEM images.

J2
Mean of a lognormal distribution: < D >= e"*2 Equation 2

Standard deviation (SD) of a lognormal distribution: sd = \/e2“+‘72 (e?* — 1) Equation 3

Table 12: Mean and standard deviation for the refined distribution of crystallite sizes of neutron
irradiated nanocrystalline samples

Nanocrystalline Nickel Average Grain Size (hm) | Standard Deviation (nm)
Unirradiated 16 -
Irradiated - 1 dpa 144 45
Irradiated - 2 dpa 170 38

6.5 Vickers microhardness testing

Vickers microhardness testing was performed to evaluate the irradiation hardening in both
microcrystalline and nanocrystalline neutron irradiated (1.2 and 2.6 dpa) nickel samples. Vickers
microhardness testing was performed using a 50-gf load and dwell time of 15 seconds at room temperature.
For each specimen, at least 10 indents were made, and the average and standard deviation were calculated.

6.5.1  Microcrystalline nickel - hardness
Vickers microhardness test results of neutron irradiated microcrystalline nickel samples (see Table 13)
showed that the dose difference (1.2 dpa vs. 2.6 dpa) did not have a significant difference in radiation

hardening. However, the hardness increased by about 145 HV (~117% increase) when compared to the
unirradiated sample due to the commonly observed radiation hardening and embrittlement.

Table 13: Vickers microhardness data for neutron irradiated microcrystalline nickel samples.

% Increase in HV due to

Material Dose (dpa) | Vickers microhardness HV| Standard Deviation neutron irradiation
Microcrystalline 0 124.0 1.60 -
nickel 12 270.1 5.09 118
2.6 268.1 5.92 116

6.5.2 Nanocrystalline nickel - hardness

Vickers microhardness test results of neutron irradiated nanocrystalline nickel samples showed that
hardness reduced by about 123 HV (~27%) when compared to the unirradiated sample. This contrasts with
the microcrystalline nickel whose microhardness was found to increase after neutron irradiation. The test
results also revealed that the average hardness of higher dose sample reduced slightly by about 6% when
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compared to the lower dose sample. Microhardness testing of higher dose nanocrystalline nickel sample
showed an interesting information. It exhibited much larger scatter (larger standard deviation of 26%; as
seen in Table 14) in hardness values (lower hardness values were observed quite periodically, lowest value
was HV 248, and the highest was HV 340 and many in between). Hence, additional indents (total 20 instead
of typical 10-12) were made to capture this heterogenous trend.

Table 14: Vickers microhardness data for neutron irradiated nanocrystalline nickel samples.

% Increase in HV due to

Material Dose (dpa) | Vickers Microhardness HV| Standard Deviation N v u
eutron Irradiation
Nanocrystalline 0 461.6 6.00 -
nickel 1.2 338.4 2.58 7
2.6 318.8 25.80 31

6.6 Tensile testing
6.6.1 Microcrystalline nickel - tensile testing

Tensile testing of unirradiated microcrystalline nickel specimens was not performed at PNNL due to
the non-availability of sufficient material to fabricate tensile specimens. North Carolina State University
(NCSU) collaborators performed tensile testing around 2008. Engineering stress-strain curves are not
available at this moment. However, we obtained average values of 0.2% offset yield strength (YS), ultimate
tensile strength (UTS), uniform elongation (UE), and total elongation (TE) from NCSU collaborators, and
these values are tabulated in Table 15.

Irradiated Microcrystalline Nickel (1.2 and 2.6 dpa)
900 T 1.2 dpa and 2.6 dpa denoted by 100 and 200 series IDs, respectively.

—KGT 111
—KGT 113
—KGT 117
—KGT 239
—KGT 241
—KGT 245

Engineering Stress (MPa)

o 5 10 15 20 25 30 35
Engineering Strain (%)

Figure 36: Engineering stress-strain of neutron irradiated microcrystalline nickel samples.

Tensile testing of neutron irradiated microcrystalline nickel samples was performed at PNNL to
evaluate the irradiation hardening and examine the changes in yield stress, work hardening, and ductility.
Figure 36 shows the engineering stress-strain curves of neutron irradiated microcrystalline nickel samples
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(1.2 and 2.6 dpa). These curves were used to determine the 0.2% offset YS, UTS, % UE, and %TE, and
these values are tabulated in Table 15.

These results revealed that the 0.2% offset YS and UTS increased by 221% and 101%, respectively as
the result of irradiation when tested at room temperature due to the commonly observed radiation hardening
and embrittlement. Uniform and total elongation were reduced by 96% and 77%, respectively. Irradiation
resulted in an increase in strength and reduction in ductility and strain hardening capability. The ratio of
YS/UTS can be used to characterize the material’s strain hardening capacity. As a result of irradiation, the
YS/UTS ratio increased from 0.45 (0 dpa) to 0.72 (1.2 dpa) and 0.99 (2.6 dpa) when tested at room
temperature. Figure 37 shows a representative neutron irradiated specimen before and after tensile testing
showing the failure location.

Table 15: Mechanical properties of microcrystalline nickel as a function of irradiation dose.

Dose (dpa) Sp ID 0.2% YS (MPa) | UTS (MPa) | % UE % TE
0 Average 170 374 59.70 77.40
SD 27 3 4.90 2.90
KGT 111 486 749 3.90 18.90
KGT 113 580 778 1.30 15.35
12 KGT 117 568 722 2.55 19.15
Average 545 750 2.58 17.80
SD 51 28 1.30 2.13
KGT 239 718 721 0.00 13.00
KeT 241 585 586 0.95 14.15
2.6 KGT 245 565 567 0.40 14.80
Average 623 625 0.45 13.98
SD 83 84 0.48 0.91

NOTE: ¥ Two (KGT 241 and KGT 245) specimens slipped in the elastic region during tensile testing. Necessary
corrections were made in the plots to determine the 0.2% Y'S, %UE and %TE.

Figure 37: A representative neutron irradiated micr‘ocrystaliinle nickel sample (1.2 dpa; KGT 113)
before and after tensile testing.

6.6.2 Nanocrystalline nickel - tensile testing

Tensile testing of unirradiated nanocrystalline nickel specimens was not performed at PNNL due to the
non-availability of sufficient material to fabricate tensile specimens. NCSU collaborators performed tensile
testing around 2008. Engineering stress-strain curves are not available at this moment. However, we
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obtained average values of 0.2% offset YS, UTS, %UE, %TE from NCSU collaborators, and these values
are tabulated in Table 16.

AR

Figure 38: Neutron irradiétéd ﬁanoérystalline nickel sample (2.6 dpa; KGT 240) before and after
tensile testing.
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Figure 39: Engineering stress-strain of neutron irradiated nanocrystalline nickel samples.

Three out of six tensile irradiated nanocrystalline specimens (see Table 16; Figure 19) came damaged
(shoulder) to PNNL from the NSUF library. Hence, tensile testing was not performed on these three
specimens (KGTs 116, 118, 244). The fourth specimen (KGT 240; see Figure 38 left) had a slight shoulder
damage, and despite this small damage, it was used for testing. Tensile testing was performed at PNNL on
three irradiated nanocrystalline specimens (KGTs 112, 240, 246) to evaluate the irradiation hardening and
examine the changes in yield stress, work hardening, and ductility. All the three specimens failed in the
elastic region at various stresses in the range of 286-390 MPa, as shown in Figure 39 and Table 16. The YS
and UTS of the unirradiated nanocrystalline nickel are 1017 and 1337 MPa, respectively. Tensile test results
showed that the nanocrystalline nickel samples became brittle after neutron irradiation, and specimens’
shoulder also failed during testing. Figure 40 shows a lower dose (1.2 dpa; KGT 112) neutron irradiated
nanocrystalline nickel specimen before testing and after testing, where two failures were observed: one in
the gage section and another at the shoulder. Figure 38 shows a higher dose (2.6 dpa; KGT 240) neutron
irradiated nanocrystalline nickel specimen that had small shoulder damage before testing and severe failure
was observed after testing, where one of the shoulders crumbled into multiple pieces, besides the failure at
the gage section. Figure 41 shows another higher dose (2.6 dpa; KGT 240) neutron irradiated
nanocrystalline nickel specimen before testing and after testing, where only one failure (but it was close to
the shoulder) occurred in the gage section, as expected.



PNNL-36050

NCSU collaborators mentioned about the complications arising from the smaller thickness of the
samples (especially the nanocrystalline specimens), and they observed during testing (~2008) that several
unirradiated specimens got bent at the shoulder before it fractured along the gage length. At this moment,
no information is available regarding the number of total number of unirradiated specimens tested and the
actual number of unirradiated nanocrystalline specimens that provided good data (i.e., without bending).

Table 16: Mechanical properties of nanocrystalline nickel as a function of irradiation dose.

Dose (dpa) | Specimen 1D [0.29% YS (MPa)|UTS (MPa)| % UE |9 TE| Sample condition Comments
before testing
Average 1017 1337 28.30 | 30.00
0 g Good None
SD 6 136 3.80 | 5.00
Test ended within the elastic region;
Failed at 303 MPa; Fractured below
KGT 112 - - - - Good gage center; Bottom shoulder also
1.2 broke. Eventually obtained three
pieces.
KGT 116 - - - - One shoulder damaged Did not test
KGT 118 - - - - One shoulder damaged Did not test

One shoulder sliahtl Test ended within the elastic region;
KGT 240 - - - - gntly Failed at 390 MPa; one shoulder
damaged . ;
broke into pieces

26 KGT 244 - - -] - Both shoulders Did not test
damaged; looked very

Test ended within the elastic region;

KGT 246 - - - - Good Failed at 286 MPa

g s ¥ n .

Figure 40: Neutron irradiated nanocrystalline nickel sample (1.2 dpa; KGT 112) before and after
tensile testing

i

I samp
tensile testing.
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7.0 Discussion

7.1 Grain size

A nanocrystalline material is a polycrystal in which the size of the crystallites is only a few nanometers,
i.e., 1-50 nm. In fact, a nanocrystalline material with an average grain size of about 5 nm consists of up to
50 vol.% grain and interfacial boundaries [65]. Such a nanostructured material is thermodynamically
unstable, with a strong tendency to transform into a normal polycrystal with coarser grain size and fewer
interfaces [66]. Unfortunately, the material may lose its improved or novel properties because of grain
growth. Therefore, the thermal stability of nanocrystalline materials is of immense interest for engineering
applications.

One method to suppress accumulation of radiation induced point defects is by annihilating them at
interfaces such as grain boundaries (i.e., grain boundaries are sinks for point defects) [7]. It has been shown
that a large amount of grain boundary area will help to prevent accumulation of defects that can adversely
affect mechanical properties [7,10-18]. Several experimental studies have confirmed the enhanced radiation
resistance of nanocrystalline metals and alloys over a range of irradiation conditions in terms of radiation
type, exposure level, and temperature. In contrast, other studies in literature have shown evidence of thermal
and structural instability of nanocrystalline materials under irradiation.

The major objective of this project is to perform post irradiation examination (PIE) of previously ATR
neutron irradiated nanocrystalline and conventional microcrystalline nickel to investigate the changes in
mechanical properties and microstructures and evaluate whether nanocrystalline nickel is relatively more
radiation resistant compared to conventional microcrystalline nickel. Hence, the first step in to evaluate the
grain size of nanocrystalline nickel after neutron irradiation (1.2 and 2.6 dpa at 80-89°C).

Table 17: Average grain sizes of unirradiated and neutron irradiated nanocrystalline and
microcrystalline nickel samples.

Nickel Irradiation Condition | Technique | Average grain size (hnm) | Standard Deviation (hnm)

0 dpa 17.2 2.4
Nanocrystalline 1 dpa TEM 448.2 79.5

2 dpa 518.9 72.7

0 dpa 16 -
Nanocrystalline 1 dpa XRD 144 45

2 dpa 170 38

0 dpa Optical 12.8 8.2
Microcrystalline 1 dpa microscopy NT NT

2 dpa NT NT

NOTE: NT: Neutron irradiated samples were not evaluated/tested for obtaining grain size.

BF-STEM imaging was conducted over a large area of the nanocrystalline nickel TEM lamella and the
grain size was measured using the line-intercept method before and after neutron irradiation. The
unirradiated nanocrystalline nickel sample has truly nanocrystalline-size grains with an average diameter
of 17.2 nm £ 2.4 nm. After neutron irradiation (actual irradiation temperature: 80-89°C), the grain size
increased to 448 and 519 nm, respectively for the 1.2 and 2.6 dpa conditions (see Table 17).
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Torrents, et al. [67] performed annealing studies (1-25 hours) on electrodeposited nanocrystalline
nickel (initial grain size: 18.1 nm + 5.4 nm) and determined that in region | (27°C < T < 77°C), the hardness
and grain size remained essentially constant, whereas in region Il (77°C < T < 227°), both the hardness and
grain size increased. In their study, the grain size increased to 20.8 nm £ 5.0 nm and 31.5 nm + 9.5 nm,
after annealing at 120°C for 1 h and 25 h, respectively.

In our study, the nanocrystalline nickel samples were placed in a nuclear test reactor (ATR) for several
months and it was subjected to neutron irradiation at 80-89°C. As part of this project, thermal annealing
study was not performed to simulate only the thermal effects to match the exposure time in the reactor.
Though some of the grain growth observed in neutron irradiated nanocrystalline nickel samples may be due
solely to the irradiation, we hypothesize that the irradiation temperature and time also played a major role.
Indeed, the grain sizes of 1.2 dpa and 2.6 dpa samples are within the uncertainty of each other.

XRD was also employed to determine the grain size of unirradiated nanocrystalline nickel sample (see
Table 17) to confirm the grain size measurements obtained using BF-STEM. XRD is generally not well-
suited to determine the grain size of materials over 100 nm (i.e., hundreds of nm to pm range). Hence,
average grain sizes of neutron irradiated samples as determined by XRD are much lower than those
determined using TEM images.

The average grain size (measured by using optical microscopy; see Table 17) of the microcrystalline
nickel was 12.8 £ 8.2 um. The grain size of microcrystalline nickel is not expected to grow in these neutron
irradiation conditions. Hence, neutron irradiated samples were not evaluated/tested for obtaining grain size.

7.2 Irradiation induced defects

One method to suppress accumulation of radiation induced point defects is by annihilating them at
interfaces such as grain boundaries (i.e., grain boundaries are sinks for point defects) [9]. Previous studies
have shown that a large amount of grain boundary area will help to prevent accumulation of defects that
can adversely affect mechanical properties [9,12-20].

Dislocation line and loop densities, stacking fault tetrahedra (SFT), and black spot damage in the
unirradiated and irradiated conditions were characterized using TEM. To characterize the defects, a BF-
STEM imaging condition was employed. Both on- and off-zone imaging was conducted to capture
dislocation loops, SFTs, and black spots.

As expected, irradiation induced defects were observed in both microcrystalline and nanocrystalline
nickel neutron irradiated (1.2 and 2.6 dpa at 80-89°C) samples, as shown in Table 18 and Figure 42.
However, when quantifying the number densities for dislocation loops and SFTs, the microcrystalline
nickel samples showed about an order of magnitude lower than the nanocrystalline nickel irradiated
samples. Consistent between both material types, however, is a decrease in the number density of
dislocation loops and SFTs, as the dose increased from 1.2 to 2.6 dpa, and this decrease in number density
is more pronounced for nanocrystalline nickel.

We believe that the number densities of dislocation loops and SFTs in neutron irradiated nanocrystalline
nickel are higher than the irradiated microcrystalline nickel due to the following reasons: (a) neutron
irradiation and prolonged exposure at 80-89°C inside the reactor resulted in larger grain growth (17 nm to
448 nm at 1.2 dpa and 518 nm at 2.6 dpa); (b) The larger grains formed in nanocrystalline nickel during
exposure inside the reactor resulted in the creation of a large number of defects, twins, dislocation lines and
loops, and SFTs. The origin of the dislocations is from grain boundary sources. It is postulated that the
vacancies for the tetrahedra are generated from the excess free volume in the grain boundaries, and that
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these are released as the migrating grain boundaries consume the surrounding grains [68]. Hattar, et al.
[68], performed annealing study (225°C) on pulsed-laser deposited nickel (average grain size 6 nm) using
an in-situ electron microscope and observed abnormal grain growth. They observed rich defect structure
inside these larger grains. They noticed line dislocations and dislocation loops in the grain interiors,
confirming that grain boundaries are the sources of dislocation. They also observed SFTs and twin after
annealing.

Table 18: Number densities for dislocation loops, SFTs, and black spots in the microcrystalline
and nanocrystalline nickel samples after neutron irradiation.

Nickel Dose (dpa) Dislocation Loops (#/m®) | SFTs (#/m® | Black Spots (#/m?®)
0 2.41 x 10% 0 4,91 x 102
Microcrystalline 1.2 2.70 x 102 2.91 x 102 2.35 x 10%
2.6 1.43 x 10% 1.91 x 10% 3.54 x 10%
0 1.28 x 10% 0 2.62 x 102
Nanocrystalline 1.2 1.06 x 10% 1.68 x 102 3.17 x 10?2
2.6 5.12 x 10% 1.11 x 10% 4.49 x 10%
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Figure 42: Comparison of number densities of defects for microcrystalline and nanocrystalline
neutron irradiated samples (1.2 and 2.6 dpa).

7.3 Microhardness

Vickers microhardness testing was performed to evaluate the hardness of both nanocrystalline and
microcrystalline nickel samples. As expected, due to the grain refinement (grain size: 17 nm vs. 13 pm),
the hardness of nanocrystalline nickel is very high (463 HV vs. 124 HV). The material’s strength evolves
with an increasing density of pinning points, such as grain boundaries, which can hamper the mobility and
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propagation of imperfections (dislocations). This effect is commonly referred to as the Hall-Petch grain
boundary strengthening mechanism [68-71].

Vickers microhardness testing was performed to evaluate the irradiation hardening in both
microcrystalline and nanocrystalline neutron irradiated (1.2 and 2.6 dpa) nickel samples. The microhardness
test results of neutron irradiated microcrystalline nickel samples (see Table 19) showed that the dose
difference (1.2 dpa vs. 2.6 dpa) did not have a significant difference in radiation hardening. However, the
hardness increased by about 145 HV (~117% increase) when compared to the unirradiated sample due to
the commonly observed radiation hardening and embrittlement.

Table 19: Vickers microhardness of neutron irradiated microcrystalline and nanocrystalline

nickel.
o -
Material Dose (dpa) | Vickers microhardness HV| Standard Deviation /o Increase_m Hy QUe to
neutron irradiation

. . 0 124.0 1.60 -

Microcrystalline 12 2701 509 118
nickel . . -

2.6 268.1 5.92 116

. 0 461.6 6.00 -
Nanocrystalline 12 338.4 258 27
nickel 26 318.8 25.80 31

Vickers microhardness test results
500

450
400
350
300
= 250
200
150
100
50

0 dpa 1dpa 2 dpa

Material Condition
Microcrystalline nickel ® Nanocrystalline nickel

Figure 43: Comparison of Vickers microhardness values for microcrystalline and nanocrystalline
neutron irradiated samples (1.2 and 2.6 dpa).

Vickers microhardness test results of neutron irradiated nanocrystalline nickel samples showed that
hardness reduced by about 123 HV (~27%) when compared to the unirradiated sample. This contrasts with
the microcrystalline nickel whose microhardness was found to increase after neutron irradiation (Figure 43;
Table 19). The test results also revealed that the average hardness of higher dose sample reduced slightly
by about 6% when compared to the lower dose sample. Microhardness testing of higher dose
nanocrystalline nickel sample showed an interesting information. It exhibited much larger scatter (larger



PNNL-36050

standard deviation of 26%; as seen in Table 19) in hardness values (lower hardness values were observed
quite periodically, lowest value was HV 248, and the highest was HV 340 and many in between). Hence,
additional indents (total 20 instead of typical 10-12) were made to capture this heterogenous trend.

Neutron irradiation and prolonged exposure at 80-89°C inside the reactor resulted in larger grain growth
(17 nm to 448 nm at 1.2 dpa and 518 nm at 2.6 dpa) in neutron irradiated nanocrystalline nickel. The
increase in grain size would have decreased the microhardness values, as per Hall-Petch grain boundary
strengthening mechanism [68-71]. The material would have also experienced irradiation hardening and the
hardness value is expected to increase at this irradiation temperature. Thus, the measured hardness values
for neutron irradiated nanocrystalline nickel is the result of combination of two opposing factors (hardness
reduction due to grain growth and hardness increase due to irradiation). At this moment, without a thermal
annealing study to simulate the effect of irradiation temperature only (several months duration to match the
reactor exposure time), it is difficult to isolate the effect of each opposing factor. Larger standard deviation
(SD) could be due to the non-uniform grain growth during neutron irradiation at 80-89°C. Additional EBSD
studies (to cover a larger area than TEM lamella) could be performed in the future to get additional
information related to this larger SD.

7.4 Yield strength and ductility

Nanocrystalline materials with a grain size ranging from 20-100 nm have been shown to possess
favorable properties in comparison to their conventional microcrystalline (MC) counterparts [19-22]. In
general, nanocrystalline materials exhibit superior mechanical properties characterized by high values of
yield and fracture strength, hardness, and superplastic deformation behavior [19-20]. The general consensus
identifies the difficulty of dislocation movement inside smaller grains as the underlying reason behind the
high strength of nanocrystalline materials [22].

Tensile testing of unirradiated nanocrystalline and microcrystalline nickel specimens was not
performed at PNNL due to the non-availability of sufficient material to fabricate tensile specimens. NCSU
collaborators performed tensile testing of these samples around 2008. Engineering stress-strain curves are
not available at this moment. However, we obtained average values of 0.2% offset YS, UTS, %UE, and
%TE from NCSU collaborators, and these values are tabulated in Table 20.

Nanocrystalline nickel has a higher yield and ultimate tensile strength values (see Table 20) compared
to microcrystalline nickel as expected from grain refinement. The difference in strength and ductility
between nanocrystalline nickel and its microcrystalline counterpart is due to the difference in grain size
(~17 nm vs ~13 um). The material’s strength evolves with an increasing density of pinning points, such as
grain boundaries, which can hamper the mobility and propagation of imperfections (dislocations). Thus, it
is plausible to attribute the observed high strength and poor ductility of nanocrystalline Ni to the increased
grain boundary density upon grain refinement, and the ability of those grain boundaries to act as pinning
points. This effect is commonly referred to as the Hall-Petch grain boundary strengthening mechanism [68-
71] as shown by the equation below, where 6, is the yield stress; o; is the friction stress; K, is a strengthening
coefficient; and d is the grain size. According to this equation, the yield stress of a material increases with
decreasing average grain size, and it explains the observed high yield stress of NC nickel (grain size ~17
nm) compared to that of its microcrystalline counterpart (grain size ~13 pm).

L]

Equation 4
Vid

Oy = 0; +
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Figure 44: Comparison of engineering stress-strain curves of microcrystalline and nanocrystalline
neutron irradiated samples (1.2 and 2.6 dpa).

Table 20. Mechanical properties of conventional grained and nanocrystalline nickel

. Failure
Material 8?)55 Spe::lljmen O'(i;/OP;;S ('l\J/I-II;i) % UE | % TE stress
(MPa)
0 Average 170 374 59.70 | 77.40
SD 27 3 4.90 2.90
KGT 111 486 749 3.90 18.90
KGT 113 580 778 1.30 15.35
1.2 KGT 117 568 722 2.55 19.15
Regular Average 545 750 2.58 17.80
Nickel SD 51 28 1.30 2.13
KGT 239 718 721 0.00 13.00
TKGT 241 585 586 0.95 14.15
2.6 TKGT 245 565 567 0.40 14.80
Average 623 625 0.45 13.98
SD 83 84 0.48 0.91
0 Average 1017 1337 28.30 | 30.00
SD 6 136 3.80 5.00
KGT 112 Failed in in the elastic region 303
Nanocrystalline | 1.2 KGT 116 Did not test due to shoulder damage -
Nickel KGT 118 Did not test due to shoulder damage -
KGT 240 Failed in in the elastic region 390
2.6 KGT 244 Did not test due to shoulder damage -
KGT 246 Failed in in the elastic region 286

NOTE: ¥ Two (KGT 241 and KGT 245) specimens slipped in the elastic region during tensile testing. Necessary
corrections were made in the plots to determine the 0.2% YS, %UE and %TE.
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Tensile testing of neutron irradiated nanocrystalline and microcrystalline nickel specimens (see Table
20) were performed at PNNL to evaluate the irradiation hardening and examine the changes in yield stress,
work hardening, and ductility. Figure 44 shows the representative engineering stress-strain curves of
neutron irradiated micro and nano-crystalline nickel samples (1.2 and 2.6 dpa).

The microcrystalline nickel tensile results (see Table 21) revealed that the 0.2% offset YS and UTS
increased by 221% and 101%, respectively as the result of irradiation when tested at room temperature due
to the commonly observed radiation hardening and embrittlement. Uniform and total elongation were
reduced by 96% and 77%, respectively. Irradiation resulted in an increase in strength and reduction in
ductility and strain hardening capability. The ratio of YS/UTS can be used to characterize the material’s
strain hardening capacity. As a result of irradiation, the YS/UTS ratio increased from 0.45 (0 dpa) to 0.72
(1.2 dpa) and 0.99 (2.6 dpa) when tested at room temperature.

Table 21: Comparison of mechanical properties of neutron irradiated microcrystalline and
nanocrystalline nickel.

Type of Nickel with | " % Change Due to Neutron Irradiation at 75-100°C | railed within the

Unirradiated i i
Pronertics dpa) | 029% YsS (MPa) | UTS (MPa) % UE o TE | elastic region at
Microcrystalline 1.2 221 o o - VA
2.6 267 67 -99 -82 N/A
) 1.2 - - - - 303 MPa
Nanocrystalline 26 j j - - 286-390 MPa

Three out of six tensile irradiated nanocrystalline specimens (see Table 20; Figure 19) came damaged
(shoulder) to PNNL from the NSUF library. Hence, tensile testing was not performed on these three
specimens (KGTs 116, 118, 244). The fourth specimen (KGT 240; see Figure 38 left) had a slight shoulder
damage, and despite this damage, it was used for testing. Tensile testing was performed at PNNL on three
irradiated nanocrystalline specimens (KGTs 112, 240, 246) to evaluate the irradiation hardening and
examine the changes in yield stress, work hardening, and ductility. All the three specimens (see Figures 39
and 44) failed in the elastic region at various stresses in the range of 286-390 MPa, as shown in Table 20.
The YS and UTS of the unirradiated nanocrystalline nickel are 1017 and 1337 MPa, respectively. Tensile
test results showed that the nanocrystalline nickel samples became brittle after neutron irradiation, and some
of the specimen’s shoulders also failed during testing (see Figure 38,40,41).

NCSU collaborators mentioned about the complications arising from the smaller thickness of the
samples (especially the nanocrystalline specimens), and they observed during testing (~2008) that several
unirradiated specimens got bent at the shoulder before it fractured along the gage length. At this moment,
no information is available regarding the number of total number of unirradiated specimens tested and the
actual number of unirradiated nanocrystalline specimens that provided good data (i.e., without bending).



PNNL-36050

8.0 Summary

During irradiation, point defects (vacancies and interstitials) are produced because of displacement
cascades [3-7]. At the macroscopic scale, the well-known deterioration of mechanical, thermal, and physical
properties of materials in radiation environments is attributed to the accumulation of radiation induced point
defects that leads to the formation of microscopic scale defect structures such as dislocations and voids [5-
8]. Hence, the ability of a material to eliminate or reduce irradiation-induced point defects while
maintaining mechanical properties determines its radiation tolerance [7-8]. Thus, identifying or designing
materials with a tailored response that can sustain high amounts of radiation damage while maintaining
their mechanical properties is a grand challenge in materials research [9].

One method to suppress accumulation of radiation induced point defects is by annihilating them at
interfaces such as grain boundaries (i.e., grain boundaries are sinks for point defects) [7]. It has been shown
that a large amount of grain boundary area will help to prevent accumulation of defects that can adversely
affect mechanical properties [7,10-18].

Nanocrystalline materials with a grain size ranging from 20-100 nm have been shown to possess
favorable properties in comparison to their conventional microcrystalline counterparts [19-22]. In general,
nanocrystalline materials exhibit superior mechanical properties characterized by high values of yield and
fracture strength, hardness, and superplastic deformation behavior [19-20]. The general consensus identifies
the difficulty of dislocation movement inside smaller grains as the underlying reason behind the high
strength of NC materials [22].

Several experimental studies have confirmed the enhanced radiation resistance of nanocrystalline
metals and alloys over a range of irradiation conditions in terms of radiation type, exposure level, and
temperature. In contrast, other studies in literature have shown evidence of thermal and structural instability
of nanocrystalline materials under irradiation. In addition, previous work has also shown radiation
resistance discrepancies with respect to grain size after proton and ion irradiation on nanocrystalline nickel.
Most of the past studies were conducted using ion irradiation which may not have the same effect as neutron
irradiation because of the smaller irradiation volume and the higher dose rate. There is also large
disagreement in published results focused on conventional-grained nickel irradiated by neutrons, ions, or
protons.

To reach a firm conclusion on the potential of nanocrystalline materials for nuclear reactor applications,
extensive study of model metals with different stacking fault energy (SFE) is required to elucidate their
behavior in radiation environments. Even though nanocrystalline materials present an unprecedented
potential, scientific knowledge related to the effect of neutron irradiation on the mechanical properties and
microstructure is still scarce. Nanocrystalline copper and nickel are typically chosen because they are
commonly used as model FCC metals in studies of radiation effects. Nickel is an FCC metal with a high
stacking-fault energy (~125 mJ/m?) compared to copper (~45 mJ/m?) [46]. Hence, it is essential to perform
neutron irradiation on nanocrystalline and regular nickel samples and perform irradiation studies to
determine whether the large grain boundary surface area per unit volume prevents, delays, or minimizes
the effects of radiation damage.

Hence, microcrystalline and nanocrystalline nickel samples were irradiated in the INL’s Advanced Test
Reactor (ATR), in the center position of the East Flux Trap (EFT) at position E-7 in the ATR core [62], as
a part of FY08 North Carolina State University NSUF Irradiation Experiment #96 (Pl: KL Murty; Team
members: Ramprashad Prabhakaran and others) to evaluate the irradiation behavior of these materials.
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The objective of this FY20 NSUF project# 19122 (Pl: KL Murty, NCSU; Co-Pl: Ramprashad
Prabhakaran, PNNL) is to perform PIE (at PNNL NSUF facility) on previously ATR-neutron irradiated
(1.2 and 2.6 dpa; 80-89°C) nanocrystalline and microcrystalline nickel samples to investigate the changes
in mechanical properties and microstructures, and evaluate whether nanocrystalline nickel is relatively more
radiation resistant compared to conventional microcrystalline nickel.

To perform PIE at PNNL, sixteen neutron irradiated specimens (microcrystalline and nanocrystalline)
were transferred from the NSUF Nuclear Fuels and Materials Library at INL. The gamma dose rates of
these neutron irradiated samples were in the RA level (5-100 mrem/hour @ 30 c¢cm) and hence, PIE was
performed in the radiological labs present in 3410 (Materials Science and Technology) and 325
(Radiochemical Processing Laboratory) buildings. RPL hotcells were not required for this PIE.

Gamma dose rate measurements (mrem/hour) showed that the neutron irradiated nanocrystalline nickel
samples exhibited a higher dose rate (at least 10X) than microcrystalline nickel samples. This is most
probably due to differences in the purity of the nickel samples. The conventional microcrystalline materials
had a nickel purity of 99.0% while the nanocrystalline nickel did not have any purity information.

Experimental techniques such as SEM/EBSD, XRD, TEM, Vickers microhardness and tensile testing
were employed to characterize the effect of neutron irradiation on the microstructure and mechanical
properties of nanocrystalline nickel, and the results were compared with the corresponding characteristics
of microcrystalline nickel.

Since thermal stability is a key issue, the grain size of nanocrystalline nickel after neutron irradiation
(1.2 and 2.6 dpa at 80-89°C) was first evaluated. The unirradiated nanocrystalline nickel sample has truly
nanocrystalline-size grains with an average diameter of 17.2 nm + 2.4 nm. After neutron irradiation (actual
irradiation temperature: 80-89°C), the grain size increased to 448 and 519 nm, respectively for the 1.2 and
2.6 dpa conditions. Though some of the grain growth observed in neutron irradiated nanocrystalline nickel
samples may be due solely to the irradiation, we hypothesize that the irradiation temperature and time also
played a major role. Indeed, the grain sizes of irradiated nanocrystalline nickel samples (1.2 dpa and 2.6
dpa) are within the uncertainty of each other. The average grain size of the microcrystalline nickel was 12.8
+ 8.2 um. The grain size of microcrystalline nickel is not expected to grow in these neutron irradiation
conditions. Hence, neutron irradiated microcrystalline samples were not evaluated/tested for obtaining
grain size.

As expected, irradiation induced defects were observed in both microcrystalline and nanocrystalline
nickel neutron irradiated samples. However, when quantifying the number densities for dislocation loops
and SFTs, the microcrystalline nickel samples showed about an order of magnitude lower than the
nanocrystalline nickel irradiated samples. Consistent between both material types, however, is a decrease
in the number density of dislocation loops and SFTs, as the dose increased from 1.2 to 2.6 dpa, and this
decrease in number density is more pronounced for nanocrystalline nickel. We believe that the number
densities of dislocation loops and SFTs in neutron irradiated nanocrystalline nickel are higher than the
irradiated microcrystalline nickel due to the grain growth and the associated creation of a large number of
defects, twins, dislocation lines and loops, and SFTs.

Vickers microhardness testing was performed to evaluate the hardness of both nanocrystalline and
microcrystalline nickel samples. As expected, due to the grain refinement (grain size: 17 nm vs. 13 pm),
the hardness of nanocrystalline nickel is very high (463 HV vs. 124 HV).

Vickers microhardness testing was performed to evaluate the irradiation hardening in both
microcrystalline and nanocrystalline neutron irradiated nickel samples. The microhardness test results of
neutron irradiated microcrystalline nickel samples showed that the dose difference (1.2 dpa vs. 2.6 dpa) did
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not have a significant difference in radiation hardening. However, the hardness of the microcrystalline
increased by about 145 HV (~117% increase) when compared to the unirradiated sample due to the
commonly observed radiation hardening and embrittlement.

Vickers microhardness test results of neutron irradiated nanocrystalline nickel samples showed that
hardness reduced by about 123 HV (~27%) when compared to the unirradiated sample. This contrasts with
the microcrystalline nickel whose microhardness was found to increase after neutron irradiation.
Microhardness testing of higher dose nanocrystalline nickel sample showed an interesting information. It
exhibited much larger scatter (larger standard deviation of 26%) in hardness values (lower hardness values
were observed quite periodically, lowest value was HV 248, and the highest was HV 340 and many in
between). We believe that that the measured hardness values for neutron irradiated nanocrystalline nickel
is the result of combination of two opposing factors (hardness reduction due to grain growth and hardness
increase due to irradiation hardening). Larger standard deviation could be due to the non-uniform grain
growth during neutron irradiation at 80-89°C.

The microcrystalline nickel tensile results revealed that the 0.2% offset YS and UTS increased by 221%
and 101%, respectively as the result of irradiation when tested at room temperature due to the commonly
observed radiation hardening and embrittlement. Uniform and total elongation were reduced by 96% and
77%, respectively. Irradiation resulted in an increase in strength and reduction in ductility and strain
hardening capability. The ratio of YS/UTS can be used to characterize the material’s strain hardening
capacity. As a result of irradiation, the YS/UTS ratio increased from 0.45 (0 dpa) to 0.72 (1.2 dpa) and 0.99
(2.6 dpa) when tested at room temperature.

The nanocrystalline nickel tensile results revealed that all tested specimens failed in the elastic region
at various stresses in the range of 286-390 MPa. The test results showed that the nanocrystalline nickel
samples became brittle after neutron irradiation, and some of the specimen’s shoulders also failed during
testing besides failure at the gage.
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