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a b s t r a c t

A first of its kind small scale mechanical testing technique involving micro-three-point bending was
invented, developed, and implemented on reactor irradiated, active Inconel X-750 components removed
from service after approximately 53 and 67 dpa. These tests were performed at ambient room tem-
perature in-situ using a scanning electron microscope in order to obtain live recordings of sample
deformation and loading curves. Sample and testing apparatus preparation required novel lift-out and
fabrication processes. Materials from two irradiation temperature regimes, low temperature (120-
280 �C) and high temperature (300 ± 15 �C) were examined. Manufacturing and finishing (grinding) of
this component create differences between its edge and center, so micro-specimens from both areas
were extracted in order to study these differences. According to three-point beam bending theory, a 0.2%
offset yield stress parameter is introduced and calculated for all specimens. Differences in mechanical
properties due to irradiation temperature and dose effects were observed. Material irradiated at the
higher temperature exhibited yield strength increases of ~540 MPa after 53 dpa and ~1000 MPa after 67
dpa. There was little difference (�310 MPa) in yield strength between materials irradiated at the lower
temperature at 53 dpa and 67 dpa compared with non-irradiated material. Differences in yield strengths
between the edge and center of the component are retained after irradiation. The difference in yield
strengths for the edge and center regions was ~740 MPa for non-irradiated material. After irradiation to a
dose of 67 dpa these differences were ~570 MPa for the lower irradiation temperature and ~710 MPa for
higher irradiation temperature. There were no indications of grain boundary failures via cracking except
for material irradiated to 67 dpa at low temperature.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Face-centered cubic (fcc), age-hardenable, nickel-based super-
alloys, including Inconel X-750, provide high mechanical strength
and ductility [1,2], good creep properties [3], and excellent corro-
sion resistance at elevated temperatures [1,2]. This combination of
superior properties has made them suitable for use in nuclear re-
actors, specifically as fasteners (bolts) [4], centering pins [5], jet
pump restraints [6], tie-rods and cladding for absorber rods in light
water reactors (LWRs) [7,8] as well as cable sheathing and core
eley, CA 94720-1730, USA.
d).
wires in flux detector assemblies, fuel channel garter springs, and
tensioning springs in CANDU reactors [2].

Despite the positive attributes of these alloys and their common
use in nuclear systems, nickel has a high cross-section for absorbing
thermal neutrons and producing (n,a), (n,p) and (n,g) reactions, and
therefore generates many displaced atoms as well as H and He gas
during neutron irradiation. As a result, nickel based alloys are
susceptible to He and H induced degradation phenomena. In
pressurized water reactors (PWRs) and boiling water reactors
(BWRs), nickel alloy components are used in fuel assemblies that
are limited to less than six years of in-core service [9], or they exist
as peripheral components operating for the lifetime of the reactor.
In CANDU reactors, nickel alloys are used as specialized compo-
nents, primarily springs, both within the core and at the periphery
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of the core. Unlike traditional LWRs, CANDU reactors have a high
thermal neutron flux in the reflector and core regions, leading to
significant impact on the nickel alloys deployed in those areas [2].

The long-term thermal neutron irradiation effects on high nickel
containing components in both the core and periphery regions of
CANDU reactors [2] is more pronounced compared to other alloys
with low nickel content such as ferritic and austenitic steels. Var-
iations in temperature, neutron spectrum, and neutron flux for
different components at different locations cause large variations in
component performance. Although nickel alloys in PWRs and
BWRs are not subjected to the same extremes of thermal neutron
exposure as seen in CANDU reactors, operation of peripheral
components, such as core shroud tie-rods in BWRs, for extended
periods could be impacted by accelerated damage and gas pro-
duction induced by the creation of 59Ni after long periods of reactor
operation [2]. Nickel alloys are also used in various specialized
applications involving exposure to both thermal and fast neutrons
to the extent that large amounts of H and He are generated [10,11].

As a result of the concerns regarding the performance of nickel
alloys in service, Inconel 718 [12,13] and Inconel 600 [14] have been
studied after ion irradiation. Such studies provide information on
radiation effects such as point defect clustering (dislocation loops
and cavities) and can also be used to understand the disordering
and dissolution of the g0 and g’’ strengthening phases. Ion irradia-
tion was never a useful tool to study the effects of irradiation on
mechanical properties because of the small volumes of irradiated
material involved. With the advent of nano-scale testing capabil-
ities this limitation no longer applies. Ion irradiation still has lim-
itations for simulating neutron radiation effects primarily because
of the higher damage rates and the difficulty in achieving the cor-
rect simultaneous gas and dpa production rates. Although ion
irradiation is useful one is still better off using material that has
been irradiated with neutrons, either in a materials test reactor or
ideally from a power reactor component of interest. Small scale
mechanical testing (SSMT) is particularly suited to the study of
neutron irradiated Ni alloys because the radiation fields from
neutron activation products are very high.

The effects of neutron exposure on neutron irradiated materials
cannot easily be assessed by conventional means involving me-
chanical testing of large standardized test specimens because of the
time and effort to irradiate and then test specimens using materials
test reactors. Irradiated material harvested from power reactor
components is particularly amenable to small scale testing. Ex-
service Inconel X-750 samples that have been exposed to partic-
ular doses and temperatures relevant to particular component
operating conditions have been harvested from components
removed from a CANDU core [15]. This study addresses the effects
of irradiation on Inconel X-750 components that had been oper-
ating in core for more than ten years, removed at two distinct times
at two temperature regimes, one between 120 and 280 �C and one
300 ± 15 �C, to high doses of 53 ± 2 dpa and 67 dpa respectively [2].
Due to the fact that material was not irradiated as part of a
controlled experiment, there is some uncertainty on the operating
conditions. Although the calculated damage dose and gas produc-
tion (H and He) can be verified by dosimetry and gas measure-
ments, temperature has to be estimated from finite element codes
and the bounding temperatures of neighboring components. The
temperature for the small volume of material that is ultimately
sampled is also difficult to define because of temperature gradients
in the components [2,15e18].

Bulk component failure strengths for these components of
complex geometry and non-conventional sizes are difficult to
measure. It is not possible to perform conventional mechanical
tests because of the complex geometry of the components which
are only 0.7e0.8 mm thick. Therefore, a non-conventional, non-
standardized, first-of-its-kind “crush test”was developed in the hot
cells at Canadian Nuclear Laboratories to estimate the load-bearing
capabilities of the components at high dose. Also, the crush tests
need large sections of springs and there is only sufficient material
available to perform one or two tests for each component from each
irradiation temperature and dose. Due to the high activity levels of
these core components, all tests must be performed inside of hot
cell facilities.

SSMT can provide multiple samples from small volumes. In this
case many samples can be taken from small volumes of the
component (~1 mm3). This drastically reduces the sample volume
of each specimen (in this case to ~500 mm3) allowing the work to be
performed out of the hot cell and instead inside the chamber of the
Scanning Electron Microscope (SEM). In-situ testing also allows for
real time observations of deformation mechanisms. A plethora of
specimens can be manufactured from each extracted component
and through systematic studies which take into account their mi-
crostructures, enhanced statistics can be obtained from multiple
tests on the same component. Also, common metallurgical stress
parameters such as yield strength can be obtained via direct
observation and straightforward calculations from sample mea-
surements in SSMTs due to their simpler stress states from which
formulations have been analytically derived.

During crush testing the fracture of the components was
entirely intergranular [15,16]. Transmission electron microscopy
(TEM) investigations have confirmed the presence of helium bub-
bles in the matrix and aligned along grain boundaries and matrix-
precipitate interfaces [15e18]. There were significant differences in
the bubble microstructures between Inconel X-750 materials irra-
diated at the two nominal temperatures, with bubbles being larger
and less dense at the higher temperature. The helium bubble
microstructure varied within a given specimen, with larger bubble
sizes and higher densities on grain boundaries and matrix-
precipitate interfaces, thus supporting a He-bubble mechanism
for crack propagation along grain boundaries [15,17,18].

In this study, a novel technique to perform in-situ, lift-out,
three-point bend testing at room temperature in high vacuum in-
side of a scanning electron microscope (SEM) on both low and high
temperature specimens from the edge and center of Inconel X-750
springs after doses of 53 dpa and 67 dpa has been developed and
performed. This new small scale mechanical testing (SSMT) pro-
cedure quantifies changes in mechanical properties of the springs
in terms of 0.2% offset yield strength as well as observes post-yield
deformation behavior and helps to determine if previously
observed preferential alignment of cavities and helium bubbles
along grain boundaries plays a role in failure mechanisms.

2. Experimental method

2.1. As manufactured inconel X-750

Flat spacer components wrap tightly around CANDU pressure
tubes to maintain an insulating gap between the hot fuel channels
and cold calandria. They are manufactured from Inconel X-750, a
precipitation hardened variant of Alloy-600, by a No. 1 Temperwire
heat treatment [19], a solution heat treatment followed by a pre-
cipitation hardening step. The material is deformed prior to the
final heat treatment mostly near the outer surface by coiling and
surface grinding operations. The nominal chemical composition
and heat treatments are shown in Table 1 [19].

The processing of Inconel X-750 leads to rich microstructure.
The matrix is a fcc material with many deformation twins and
blocky micron-sized fcc (Ti,Nb)C inclusions forming stringers in the
extrusion direction. Smaller M23C6 (90 wt.% Cr) precipitates < 1 mm
are found on the grain boundaries as well as in grain interiors. In



Table 1
Chemical composition in wt. % and heat treatments for Inconel X-750 components [19].

Element Al C Co Cr Cu Fe Mn Ni S Si Ti Nb þ Ta

Concentration 0.4e1 0.08 1 14e17 0.5 5e9 1 70 0.01 0.5 2.25e2.75 0.7e1.2
Solution Treatment 1093-1204 �C
Precipitation Hardening 732 ± 14 �C for 16.5 h, air cool
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addition, 15 nm sized ordered fcc g0 Ni3Al precipitates are non-
uniformly distributed throughout the material. The lattice param-
eter difference between matrix and g0 is 0.5%. An h-phased Ni3Ti
precipitate can be seen on grain boundaries, especially near the
outer surface [20].

While the basic microstructure has been the subject of a number
of prior investigations, basic grain structure EBSD analysis was
performed here in our study as well. Electron Backscattered
Diffraction (EBSD) scans were performed using a Zeiss Ultra Plus
SEM with 15 keV e� and a 300 nm step size to characterize the
initial microstructure of the Inconel X-750 springs via three
250 mm� 250 mmarea squares: one bordering the inner edge of the
spring, one in the center of the spring, and one bordering the outer
edge of the spring depicted in Fig. 1. Average grain sizes for each
square were calculated independently via two methods: the
Planimetric method calculating the number of grains per unit area,
and the average grain intercept method using both horizontal and
vertical lines, in order to differentiate average grain size in the
radial and tangential directions. The overall average grain size for
the entire spring via the Planimetric area method was found to be
d¼ 8.5 ± 2.9 mm. Grains were found to be elongated by 1.3 ± 0.7 mm
in the tangential direction and 2 mm smaller on average in the edge
areas compared to the center region. Electron images, EBSD grain
orientation maps, and average grain size in the radial and tangen-
tial directions can be seen in Fig. 1 for all three regions.
2.2. In-service damage and hydrogen and helium production

The primary radiation damage in Inconel X-750 components in
nuclear reactors is in the form of atomic displacements from direct
collisions with high energy neutrons (E > 0.1 MeV) that produce
about 1 dpa for every year of service. This equates to approximately
25 dpa of fast neutron damage by the end of a component's design
life. In addition to this baseline damage, nickel components
encounter supplemental damage from thermal neutron absorption
and subsequent transmutation reactions which more than double
total atomic displacement damage. This additional displacement
damage mostly occurs because of the displacement cascade caused
by the recoil of the atom emitting either a gamma photon, proton or
helium nucleus (alpha particle). The emitted particles themselves
create atomic displacements but these displacements are insignif-
icant compared to the displacements created in the recoil cascades.
The emitted particles are muchmore important when they come to
rest as hydrogen and helium gas atoms. The helium is insoluble and
readily trapped by vacancies and vacancy clusters (cavities). The
fate of hydrogen is more ambiguous. Hydrogen has low solubility in
austenitic materials and is highly mobile at reactor operating
temperatures and thus escapes readily. Some hydrogen may
become trapped, however, but any effect on the properties of the
component is unknown. Helium, on the other hand, is very effective
at stabilizing vacancy clusters as cavities on grain boundaries.

The nuclear reactions giving rise to the enhanced atomic
displacement rates and gas atom production in Inconel X-750 are
described here. Nickel in its most abundant form (68.077%) exists as
58Ni and undergoes the following transmutation:

58Ni þ n -> 59Ni þ g (1)
The 59Ni then emits hydrogen and helium by the following two
reactions:

59Ni þ n -> 56Fe þ 4He (2)

59Ni þ n -> 59Co þ 1H (3)

Further displacement damage also occurs by a third reaction

59Ni þ n -> 60Ni þ g (4)

The most significant contribution to total displacement damage,
hydrogen, and helium production occurs via reaction (2). Over their
lifetime of operation, Inconel X-750 components in the CANDU
reactor core produce >20000 appm helium and >5000 appm
hydrogen. The lifetime displacement damage for Inconel X-750
components in CANDU reactors is expected to be > 80 dpa [2].

2.3. CNL component tests: crush testing and microhardness testing

Bulk crush component tests and micro hardness testing was
performed on ex-service material at Canadian Nuclear Laboratories
(CNL). The bulk crush test apparatus, a crushed component, and
mechanical data for components after 53 dpa and 67 dpa can be
seen in Fig. 2 a-c. Hardness measurements from the same speci-
mens seen in Fig. 2d show that components irradiated at the lower
temperature are softer (~365 VHN) compared to the materials
irradiated at higher temperatures (~420-450 VHN) at the highest
dose. In addition, cracks have formed adjacent to indents per-
formed on the higher dose material, indicating that plastic flow is
accommodated by a combination of both slip and micro-cracking.

Component crush testing seen in Fig. 2c shows that springs
irradiated at the higher temperature exhibit lower strength and
ductility compared to springs irradiated at the lower temperature.
Extended service results in reduced strength and ductility. In the
case of specimens irradiated at an average of 180 �C, ductility de-
creases by a factor of two after 53 dpa and nearly vanishes by 67
dpa. However, specimens irradiated at an average of 300 �C have
completely lost ductility by 53 dpa. More dose results in further loss
of strength.

Let it be noted that the hardness data and component crush test
data follow opposite trends. Specimens irradiated at higher tem-
peratures have higher hardness values but lower crush test failure
loads. This suggests that hardening mechanisms with the bulk
matrix material of the components are much different than ulti-
mate failure mechanisms. The former is dictated by the production
and distribution of point defects, dislocations, and dislocation
loops, whereas the latter is dictated by grain boundary strength.

2.4. Micro- three-point bend specimen sample preparation

This study focuses on Inconel X-750 flat spring material under
two irradiation conditions: approximately 53 dpa and 18000 appm
helium (taken from the center of the spring labelled “C” in Fig.1) and
approximately 67 dpa and 20000 appm (taken from both the center,
“C”, and edge regions of the spring) and non-irradiated material
(taken from both the center and edge regions of the spring). Center



Fig. 1. Schematic of the sectioned and polished Inconel X-750 coil and Electron Backscattered Diffraction (EBSD) areas. These areas are 250 mm � 250 mm squares of the inner edge
(IE), center (C), and outer edge (OE) regions of an Inconel X-750 flat spring. EBSD orientation map grain analysis produces an average overall grain size of 8.5 ± 2.9 mm and indicates
grain elongation in the tangential direction.
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and edge regions where materials were extracted are pictured using
a representative cross-section schematic of a spring component in
Fig. 1 and again using a representative irradiated cross-section
electron image in Fig. 3a. For the irradiated specimens, materials
that had been operating at temperatures 120-280 �C and 300± 15 �C
[2] were investigated. A FEI Quanta 3-D Focused Ion Beam (FIB) and
Oxford OmniProbe at Idaho National Laboratory (INL) were used to
extract 40 mm� 20 mm x 10 mm foils of material from the center and
edge regions of the irradiated springs. Pre-fabricated slots were cut
into molybdenum lift-out grids using the FIB and the lifted-out foils
were adhered to these sites using the platinum-based gas injection
system (GIS). These large foils were then shipped to UC Berkeley for
further preparation.

Three-point bend specimens were manufactured from the large
foils using an in house machined 90� SEM holder inside a FEI
Quanta 3D FEGwith a Ga69þ FIB. Initially, larger milling currents (3-
7 nA) were used to cut rough beams of approximate dimensions
20 mm � 7 mm x 7 mm. Resulting bar shapes cut into the large foil
can be seen in Fig. 3b.
Each bar specimen similar to the two shown in Fig. 3b was
subsequently lifted out using an OmniProbe 200 Nanomanipulator
andmounted on a pre-fabricated bridge test site as shown in Fig. 3c.
The lift-out bars were attached using the Pt GIS and final polishing
occurred using smaller milling currents (100 pA-1 nA). The amount
of Pt GIS depositionwas kept to a minimum in an attempt to reduce
its effect on the three-point bending stress state. However, this
attachment is required in order to prevent the loss of samples
during the mounting process and/or transfer between FIB milling
and testing. This process and an example of a finished three-point
bend specimen can be seen in Fig. 3. The final three-point bend
specimens were approximately 15e20 mm in bending length and 3-
5 mm in width and thickness.

2.5. Electron Backscattered Diffraction (EBSD) specimen pre-test
analysis

Each micro-bend specimen was analyzed using EBSD on its top
surface using an acceleration voltage of 30 keV, electron current of



Fig. 2. Bulk crush testing of Inconel X-750 annulus spacers. (a) post-test coil, (b) close-up view of testing rig pre-test depicting the loading direction, (c) representative load-
displacement curves of specimens at each irradiation condition, (d) Vickers indentation microhardness values (500 gf) of specimens at each irradiation condition with an insert
depicting a representative indent where cracking occurred adjacent to the indent in the 67 dpa material irradiated at 300 �C. Cracks have developed around the surfaces of indents
performed on material with a dose of 72 dpa.
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48 nA, and step size � 50 nm in order to map each sample's initial
microstructure, identify grain boundaries, and determine grain
orientations. The individual specimens were found to contain be-
tween one and five grain boundaries. Grain orientations at the
bottom surface of the specimens would be more accurate, but
performing EBSD on the bottom surface of the specimens is
impossible due to shadowing from sample supports. However,
Focused Ion Beam (FIB) ion channeling contrast images of the front
and back sides of the specimens were obtained in order to ensure
that grain boundaries propagated approximately straight down
through the thicknesses of the specimens. Representative FIB ion
channeling contrast images of the sides of polished bending spec-
imens with grain boundaries clearly visible can be seen in Fig. 3e
and f. Using these grain orientation maps, the hkl orientations,
grain rotation, and highest Schmid factor of the preferred slip
system(s) for each grain was calculated for the outward tensile
stress direction at the bottom of the specimens. In addition,
misorientation angles between two grains were measured. A
representative depiction of the pre-test microstructural analysis
can be seen in Fig. 4. Nearly all grain boundaries in the specimens
that were not twin boundaries were measured to be high angle
grain boundaries with misorientation angles greater than ~28�.
Table 2 gives the root mean squared (RMS) absolute and normal-
ized grain rotation within a single grain interior for specimens at
each irradiation condition. Normalized average grain rotations
exceed 1�/mm in edge specimens for both non-irradiated and high
dose conditions. This indicates that grains at the edges of the
component are more heavily deformed (by at least 0.4�/mm) due to
cold-working and grinding manufacturing processes, whereas
grains in the center of the component are much less deformed.
2.6. In-situ three-point bend testing

Two to five specimens made from both center and edge regions
of a non-irradiated spring and 67 dpa irradiated spring, and from
the center of 53 dpa springs were bent at their centers under
vacuum in a FEI Quanta 3D FEG using a Hysitron PI 85 Picoindenter.
The actuator was equipped with a custom made 1 mm thick and
12 mm wide diamond wedge punch. Two sets of irradiated speci-
mens were produced and tested; the first set from material with a
low irradiation temperature (180 �C) and the second from material
with a high irradiation temperature (300 �C). Videos were recorded
for all tests for further analysis using the Scanning Electron Mi-
croscope (SEM) on the FEI Quanta 3D FEG. All tests were performed
in displacement controlled feedback loop mode at loading and
unloading rates of 10 nm/s to maximum strains larger than 10% or
until noticeable plastic deformation occurred. Equivalent strain
rates were between 1 � 10�3 and 2 � 10�3. In order to ensure
proper sample to tip alignment the PI 85 was tilted inside the SEM
chamber to 8-15� to allow simultaneous imaging of the sample and
indenter with both the SEM and FIB beams. The recorded force vs.
displacement curves were converted into flexural stress vs. flexural
strain curves for the center point at the outer fiber of the beam
using the following equations from standard three-point bending
flexural theory:

s ¼ 3FL
2bd2

(5)

ε ¼ 6 D d
L2

(6)

where F is the recorded displacement in N, L the length of the
specimen in mm, b the specimen width in mm, d the specimen
height in mm, D the recorded displacement at the midpoint in mm,
s the stress at the midpoint in MPa, and ε the strain in the outer
surface at the midpoint. The linear elastic loading portions of each
curve were fit to linear regression lines of the form s ¼ Y ε þ A,
where s is stress, Y is the effective specimen stiffness parameter, ε
is strain, and A is an offset parameter. A 0.2% offset from this linear
elastic loading regime was applied much like in ASTM tensile
testing to acquire an effective specimen yield strength (sy). Let it be
noted that due to the Pt GIS attachments, these equations serve as
rough approximations of the tensile stresses at the outer fiber
midpoint. Deformation of the attachments themselves as the
beams are bending create complications that cannot be easily



Fig. 3. (a) cross-section of an Inconel X-750 spring showing FIB milled foils of material taken from both edge and center regions (b) resulting bending beam structures cut into the
large lift-out foil which has already been removed from the bulk spring (c) side view of a finished three-point bend specimen (d) top view of a completed three-point bend
specimen, (e) and (f) FIB ion channeling contrast images depicting grain boundaries propagating approximately straight down through the thickness of the specimens, and (g)
bending specimen becomes unconstrained similar to a standard three-point bend test during loading.
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accounted for by analytical expressions. However, as seen in Fig. 3g,
bending specimens do become unconstrained during testing such
that they begin to parallel a standard three-point bend test.

3. Results

Representative flexural stress-strain responses of tests on
specimens from each dose and temperature condition can be seen
in Fig. 5. For all tests, complete fracture of the specimens did not
occur. In all cases dislocation slip on parallel slip planes along the
deformed specimens was observed in real time as imaged by the
SEM and in post-test SEM images. A summary of average 0.2% offset
yield strength values for all irradiation conditions and spring lo-
cations can be found in Table 3.

The results shown in Fig. 5 and Table 3 reveal a dramatic pre-
existing, non-uniform, cold-working effect on the mechanical
properties of Inconel X-750 springs. Material in the edge region of
the spring was measured to be approximately 740 MPa stronger
than material in the center of the spring. As the radiation dose on
the component increases, this pre-existing effect remains as seen in
the 67 dpa material. A difference in yield strengths between 67 dpa
edge and center materials of 712 MPa occurs in the material with a
higher irradiation temperature (300 ± 15 �C), and the material with
a lower irradiation temperature (120-280 �C) still retains this dif-
ference as well. Edge material irradiated to 67 dpa is 566 MPa
stronger compared to the center.

A matrix radiation strengthening effect with increasing dose is
evident in all high temperature specimens, whereas changes in yield
strengths of low temperature specimens appears either negligible or
much subtler. High temperature center components irradiated to 53
dpa become strengthened by 540 MPa, and there is a further
530 MPa increase in yield between 53 dpa and 67 dpa components.



Fig. 4. Pre-test Electron Backscattered Diffraction (EBSD) on the top surface of a representative three-point bend specimen including an Inverse Pole Figure (IPF) grain orientation
map in the tensile stress direction for the outer fiber of the specimen, hkl orientation of individual grains, misorientation angles across grain boundaries, grain rotation within each
grain measured along a horizontal line segment left to right from point a to point b, and highest Schmid factor of the preferred slip system(s) within each grain.

Table 2
Root-mean-squared absolute and normalized grain interior misorientations of inconel X-750.

Irradiation Condition Non-Irradiation 53 dpa Tavg¼180 �C 53 dpa Tavg ¼ 300 �C 72 dpa Tavg ¼ 180 �C 72 dpa Tavg ¼ 300 �C

Spring Location Edge Center Center Center Edge Center Edge Center

qrms (degrees) 5.4� ± 4.5� 5.2� ± 2.0� 3.4� ± 1.9� 2.5� ± 1.7� 6.5� ± 3.2� 2.6� ± 1.3� 6.7� ± 2.1� 2.3 ± 0.9
qrms/L(degrees/mm) 2.4 ± 5.2 0.6 ± 0.4 0.1 ± 0.1 0.4 ± 0.3 1.7 ± 1.4 0.5 ± 0.2 0.6 ± 0.3 0.2 ± 0.1
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Overall, this indicates a 1070 MPa increase between non-irradiated
and highest dose center specimens. A similar effect is seen in the
edge specimens; an approximate 1 GPa increase of yield strength is
seen over 67 dpa. However, for low temperature material, non-
irradiated, 53 dpa, and 67 dpa center specimens all have similar
yield strength values. Edge region low temperature specimens also
show similar yields before irradiation and after 67 dpa.

4. Discussion

Because the initiation of plastic deformation at the yield point is
dislocation slip in the region of the specimens directly below the
actuator at the outer fiber (highest stress point), an approximation
was made that all deformation up until and including the yield
point (elastic deformation and the onset of plastic deformation)
occurs locally in individual grains below the loading location. Since
only a limited number of grains are deformed, it is preferable to
take the crystal orientation into account and compare a critical
resolved shear stress (CRSS) rather than a yield stress or flexural
bending stress. Based on this assumption, critical resolved shear
stress (CRSS) values were calculated for the outer fibers of the
specimens at the highest stress points using the highest Schmid
factors of the grains beneath the wedge punch where slip planes
were observed. All 12 possible fcc slip directions and slip planes
were taken into account. It is assumed that the outer most fiber of
the bend bar is in pure tension. These values are reported in the
final row of Table 3, and the associated loading curves can be seen
in Fig. 5c and d. It is evident that high temperature components
irradiated to doses of 67 dpa necessitate higher CRSS values in or-
der to yield. Increases of 486MPa in edge components and 421MPa
in center components are observed. However, this approximation
produces CRSS values for low temperature components that in-
crease by ~160 MPa within the first 53 dpa and do not change with
increased dose. This may suggest a saturation with respect to dose
effects in low temperature components. Nonetheless, this approx-
imation may be oversimplified, whereas a complex crystal plas-
ticity model would be needed in order to map out the grain
orientations, grain boundaries, and grain boundary planes for each
specimen in order to fully characterize the result. However, such a
model is not part of this study.

For all irradiated specimens, the results suggest that the mate-
rial operating at a lower irradiation temperature has a lower yield
stress compared to the high temperature material irradiated to the
same dose. Low temperature material yields approximately
300 MPa lower than high temperature material in the same loca-
tion (center or edge) irradiated to a dose of 53 dpa. For the highest
dose material irradiated to 67 dpa, low temperature edge compo-
nents yield ~800 MPa lower than high temperature edge compo-
nents, and similarly low temperature center components are
~760 MPa weaker than high temperature center components.
Conventional radiation effects in materials suggest that radiation
strengthening is a function of defect cluster density [21e26], and it
is well known that defect cluster density decreases as irradiation
temperature increases [27e29]. The yield strength itself decreases
with increasing irradiation temperature except under particular
conditions for some g0 containing superalloys, where the g0



Fig. 5. Representative flexural stress-strain curves calculated for the midpoint at the outer fiber of the (a) center and (b) edge specimens according to three-point bend theory for
each irradiation condition. Loading curves plotted in terms of the critical resolved shear stress (CRSS) calculated from the matrix orientation at the highest stress point can be seen
for the center specimens in (c) and edge specimens in (d).

Table 3
Yield strength and critical resolved shear stress (CRSS) of inconel X-750 spring material.

Irradiation Condition Non-Irradiation 53 dpa Tavg¼180 �C 53 dpa Tavg ¼ 300 �C 67 dpa Tavg ¼ 180 �C 67 dpa Tavg ¼ 300 �C

Spring Location Edge Center Center Center Edge Center Edge Center

Number of Tests 5 4 2 4 2 2 2 2
sy-0.2% offset (MPa) 2074 ± 309 1335 ± 63 1561 ± 12 1875 ± 70 2211 ± 166 1645 ± 154 3020 ± 509 2406 ± 150
sCRSS (MPa) 935 ± 162 597 ± 28 763 ± 7 807 ± 42 988 ± 173 757 ± 77 1421 ± 323 1018 ± 95
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precipitates with a sufficient size and density can suppress the
decrease in yield strength with increasing temperature [30]. In 304
stainless steel, which has a similar vacancy migration energy
compared to the Inconel X-750 material studied here, for irradia-
tion doses greater than or equal to 10 dpa, the steel is softer after
irradiation at ~200 �C compared with ~300 �C [31].

The yield strength for the Inconel X-750 spring material inves-
tigated here is consistent with the effects described in Ref. [31]. The
high temperature material had an irradiation temperature of
approximately 300 �C, whereas the low temperature material had
an irradiation temperature of approximately 180 �C. According to
[31], this difference in irradiation temperature would mean that
one would expect the low temperature material to yield at an
approximate stress of 90% of the yield of the high temperature
material. Although this model has been developed for austenitic
stainless steels, the Inconel X-750 low temperature material yields
at 83% of the high temperature material at 53 dpa, and ~70% of the
high temperaturematerial at 67 dpa suggesting similar effects here.

This increasing strength with increasing temperature relation-
ship is also supported by microstructural observations reported in
Ref. [18]. Due to vacancy migration energies, at lower irradia-
tion temperatures, the material is in a recombination dominated
regime, whereas at higher irradiation temperatures the material is
in a sink dominated regime. Thus, when interstitial clusters first
form in the low temperature material, they are often annihilated
through recombination, whereas in the high temperature material,
they survive to form dislocation loops. In addition, the lower
temperature of the material may allow for more disordering and
dissolution of precipitate structures. Finally, cavity densities are
much higher but individual cavity sizes are much smaller for the
low temperature material, meaning they are more evenly distrib-
uted [17,18]. Overall, the matrix microstructure is much cleaner and
more homogeneous in the low temperature material, leaving less
obstacles to be overcome during loading deformation, less neces-
sity for dislocation climb of network dislocations, and ultimately a
softer matrix material with a lower yield strength value.

The results from the in-situ three-point bend specimens
showing a higher room temperature yield stress at higher irra-
diation temperatures are in agreement with room temperature
hardness measurements from high fluence material shown in
Fig. 2d. However, the failure behavior of the specimens seen in
Fig. 2c has the opposite trend with respect to temperature. This is
most likely because the failure load is dependent on the grain
boundary strength, which is not necessarily governed by the
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same microstructural differences that are affecting the matrix
yield strength.

Ultimately, the mechanisms for matrix yielding and ultimate
failure of neutron irradiated Inconel X-750 spacers are different.
Matrix yielding is initially governed by the spacing of ordered
second phase g0 precipitates, but irradiation damage creates a
different effective defect spacing which governs the new yielding
behavior as this precipitation hardened phase loses its order with
increasing dose [18,32e34]. It is surmised that ultimate failure is a
result of intergranular fracturing. It is hypothesized that inter-
granular failure may be caused by helium preferentially aligning
along and weakening grain boundaries is also supported by TEM
investigations in Refs. [2,15e18]. The matrix strength is dominated
by microstructural features other than cavities (dislocation loops
and precipitates) and the radiation-induced changes in these fea-
tures have a different temperature dependence [10,11,15,17,18].

Two high temperature bending specimens irradiated to a dose
of 53 dpawere sharply notched in their centers at the bottom using
the FIB such that the notches were located inside of single grains.
These notches were confirmed to bewithin single grains using high
resolution FIB ion channeling contrast images of the sides of the
specimens. Tests of these two notched specimens did not generate
cracking from the notch. Since it is known that notch tips were
located inside the grain, no cracking from the notch and significant
Fig. 6. Representative low temperature 67 dpa specimens with cracks along grain boundarie
~3.5 GPa (b) specimen made from spring center with cracks along grain boundaries initiati
plastic deformation after yielding suggests that the matrix material
has high resistance to cracking under irradiated conditions.

However, in the case of the low temperature specimens irradi-
ated to 67 dpa, cracks developed on the bottom of both center and
edge specimens. Based on the grain boundary locations indicated
by EBSD scans of the top surfaces of the specimens, it is likely that
the cracks follow the paths of the grain boundaries, but definite
proof is difficult since EBSD after deformation is not possible due to
the fact that the top sample surface, the only one which remains
unblocked by sample mounts, is no longer flat. Fig. 6 shows
representative center and edge specimens for low temperature
material irradiated to 67 dpa with cracks that are believed to have
propagated along grain boundaries and exited at the bottom of the
specimens. Associated stress values for crack initiation are larger
than the associated yield stresses: ~3.5 GPa for edge specimens and
~2.5 GPa for center specimens. EBSD images of side and bottom
surfaces are not possible due to shadowing effects from sample
holders and mounts.

To summarize initial discoveries made on the failure mecha-
nisms of the Inconel X-750 spacers, let it be noted that there was no
indication of grain boundary failure in the tests of non-irradiated
specimens even when strained well beyond their yield points, but
there were multiple indications of cracking along grain boundaries
in the irradiatedmicro-scale tests seen in Fig. 6. This could be linked
s. (a) specimen made from spring edge with cracks along grain boundaries initiating at
ng at ~2.5 GPa.
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to the intergranular failure seen in macroscopic crush tests of
irradiated specimens, the loading curves of which are seen in
Fig. 2c, particularly in the case of low temperature specimens
irradiated to 67 dpa.

5. Conclusion

A novel small scale mechanical testing (SSMT) technique
involving in-situ, micro-scale, lift-out, three-point bend test ex-
periments at room temperature in an SEM was developed and
applied to assess the mechanical properties of Inconel X-750 ma-
terial removed from the core of a CANDU reactor after doses of 53
dpa and 67 dpa. A systematic study was performed by extracting
material from the edge and center region of the spring spacers from
components that had operating temperatures of 180 �C and 300 �C
on average. Quantitative mechanical properties measurements,
namely 0.2% offset yield strength values, indicate obvious temper-
ature and dose effects. The high temperature material undergoes
more severe radiation strengthening, more than 1 GPa over doses
up to 67 dpa, whereas strengthening of the low tempera-
ture material appears much more minimal (200-300 MPa). Pre-
existing mechanical differences created by cold working spring
manufacturing processes remain after extended time in the CANDU
core. Yield strengths of center and edge regions of the spring differ
by ~740 MPa when it is non-irradiated. This difference remains up
to the highest dose components; it is larger than 700 MPa for high
temperature components and ~570 MPa for low temperature
components. This lift-out three-point bend testing technique did
not show any indications of grain boundary failure in non-
irradiated specimens, but evidence of grain boundary cracking
post-yield was observed in low temperature 67 dpa specimens.
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