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Abstract—This contribution presents an overview of how neutrons support the development of gas turbine
materials and batteries due to their unique properties of being non-destructive, having a large beam cross sec-
tion, offering relatively high sensitivity to light elements in the neighborhood of heavy elements and proving
suitable for in situ and/or operando studies. Various neutron techniques, together with sophisticated sample
environments, are applied to measure materials under real working conditions. For gas turbines, the focus is
on the in situ characterization of the strengthening precipitates of high-temperature alloys at elevated tem-
peratures. Battery research using neutrons deals mainly with the observation of Li movements and distribu-
tions, e.g., during charging and discharging of a cell or under the influence of an external parameter, such as

temperature.
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INTRODUCTION

The relentless growth in population and industry
has led to an unprecedented global increase in the
demand for energy and mobility. Meeting these
requirements necessitates supplying far more energy
and transportation, and doing so more efficiently.
Despite an abundance of possibilities for generating
new types of power — especially in the field of renew-
able energies — the burning of fossil fuels will play a
central role in emerging economies in the coming
decades. Consequently, it is crucial that power-gener-
ating heat engines are as efficient as possible. Gas tur-
bines for aircraft and stationary power engines, as well
as batteries for electromobility and consumer elec-
tronics, are two key technological fields for research.

RESULTS AND DISCUSSION
Gas Turbines

In the field of high-temperature alloy applications,
gas turbines play a significant role in terms of energy
conversion. In particular, improvements to Ni-based
and Co-based superalloys from wrought to cast alloys
that have excellent properties in regard to high-tem-
perature strength or corrosion and creep resistance,
including high fracture toughness, are a case in point.
The main goal of existing superalloys is to increase the
operating temperature of these alloys in gas turbines
[1] to allow engine manufacturers to improve fuel effi-
ciency. Most superalloys consist of so-called y' precip-

itates in a Yy matrix plus additional high-temperature
phases [2]. The last few decades have seen the scien-
tific community put great effort into the development
of superalloys for stationary gas turbines with operat-
ing temperatures above 650°C whilst keeping the good
processing characteristics of the well-known superal-
loy 718. In addition, new alloy concepts, such as the
CoRe alloys with TaC precipitates [3], have been
investigated with a view to enhancing the service tem-
perature and optimizing the precipitation stability and
size [4]. Neutron methods [5—7] support these
improvements through various techniques (Fig. 1). In
situ neutron diffraction is a tool to identify all contrib-
uting phases [5]. Neutron diffraction is an interaction
of neutrons with the nucleus of an atom. Neutrons
possess quite different sensitivity to chemical elements
in comparison with other probes, as for example elec-
trons [8] or X-rays [9]. This is important if the super-
lattice structures of precipitates are under investigation
because these phases can have very weak reflections
from the ordering of atoms and their low volume frac-
tion [2]. In general, nano-scaled precipitates in Ni-
based alloys have an ordered L1, structure of NiAl;
type, which are coherently embedded in an unordered
face-centered cubic Ni-matrix. This means that many
diffraction peaks overlap and a few additional peaks
result from the superlattice structure of the precipi-
tates due to the ordering. Complementary neutron and
X-ray diffraction patterns are often necessary to deter-
mine the lattice parameters and the misfit (lattice mis-
match of the two phases of precipitates and matrix)
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Fig. 1. A tensile rig with a high-temperature furnace installed at the Stress-Spec instrument @ Heinz Maier—Leibnitz Zentrum.
High-temperature alloys are measured simultaneously under heat treatment and tension or pressure. Top and right: typical neu-
tron methods and their application for high-temperature alloy studies; bottom: complementary methods of X-ray diffraction and
microscopy including their application in the field of high-temperature alloys.

[10, 11] which is directly correlated to the stability of
the alloy and morphology of the precipitates. Due to
the application of high-temperature alloys, experi-
ments are often carried out under high temperatures to
characterize all crystallographic phases (including
carbides and phase transformations which typically
occur at very high temperatures) involved in the alloy
under service condition [12]. All phases influence
each other and determine the overall performance of
the alloy, defining the high mechanical strength, the
surface stability at high temperatures and the oxida-
tion and creep resistance. In particular, the evolution
of precipitates under holding at certain high tempera-
tures or under a change of temperatures is the focus of
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the current research [4]. In addition, to simulate the
condition of a gas turbine in operation, loading exper-
iments are performed to determine the strength or
strain of the alloy under loading [13] or compression
[14]. Neutron diffraction is limited to 1—20 nm for the
characterization of precipitate size owing to the instru-
ment resolution being strongly correlated to the
monochromator wavelength distribution.

With small-angle neutron scattering (SANS) [15,
16], a technique is used which provides sensitivity on a
larger range of the nanometer scale (1—300 nm). Neu-
trons are scattered around the primary beam at small
angles. The SANS method collects the measured
intensity resulting from the scattering contrast of
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embedded nano-scaled objects in a matrix [7]. Precip-
itates in respect of the size and the volume fraction
including their distributions and the morphologies
(spheres, cubes, plates or needles are typical shapes for
high-temperature precipitates) can be described in
more detail under the influence, e.g., of small compo-
sition changes or different heat treatments [17, 18].
SANS at high temperatures makes it possible to follow
the dissolution of precipitates and during cooling to
describe the forming of precipitate dependence on the
cooling rate or temperature sequence, including hold-
ing at certain temperatures [19].

Using the neutron imaging technique [20, 21]
involves placing a detector after the sample and illumi-
nating an object to measure the neutron attenuation
caused by the sample material. The image obtained is
a 2D radiography of the object. If the object is rotated
to various positions, a summation of radiography
images can be performed for a 3D tomography image.
Sophisticated software allows conducting intersec-
tions of the object to achieve better information on the
interior. Applications such as cracks or air channels are
studied from around <100 um or mm, respectively, up
to many centimeters in gas turbine blades [22]. Here,
the advantage of using neutrons is that, especially in
the case of metals, the relatively weak attenuation of
the neutron beam offers the possibility of radiography
and tomography experiments on objects with relatively
large thicknesses. For very large objects, fast neutrons
with higher energies having deeper penetration depths
are applied to achieve higher transmissions of the neu-
trons.

The use of neutron-induced prompt gamma acti-
vation analysis [23] is an indirect use of neutrons. A
neutron is captured from a nucleus and leads to a
nuclear excitation at a higher energy level. The relax-
ation to the ground level via the emission of a specific
v radiation makes it possible to identify the chemical
element reacting with the neutron through the specific
v line. As the method is quite sensitive to a few very
light elements, it is suited, for example, to the determi-
nation of boron quantities in superalloys [24], which is
important for understanding the strengthening at
grain boundaries.

Nevertheless, complementary methods, such as
microscopy (SEM, TEM and EDS) or X-ray diffrac-
tion, together with neutron methods, are often neces-
sary to understand a complex microstructure well [2,
4, 12, 18] over different length scales and to glean
information not only from reciprocal space, but from
direct space, too.

Batteries

In order to gain a better understanding of the elec-
trochemistry in batteries, a huge demand has emerged
for in situ and operando characterization methods.
Due to the high penetration depth and high sensitivity
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of neutrons to light elements such as lithium, a probe
of this nature has become ever more attractive over the
last decade [25]. The present contribution gives an
overview as to how neutrons, with their unique prop-
erties, contribute to the development of new battery
cell types (Fig. 2). During the charging and discharg-
ing of cells, the intercalation of Li in the graphite lay-
ers can be observed with in situ neutron diffraction, as
such measurements are able to detect LiC, phases,
such as LiC; and LiC,, during the intercalation/dein-
tercalation process [26]. Such experiments allow the
estimations of the amount of Li in the anode. This is
of great importance as the formation process and
cycling consume Li, for example, to build up a passive
protective layer (Solid Electrolyte Interface, or SEI)
between the electrode and electrolyte [27]. Similar
considerations are possible when studying the chemi-
cal structure of the cathode, for example the NiMnCo
electrode [28]. Implemented Li changes the structure
slightly and here neutrons can easily distinguish
between the three neighboring elements of the peri-
odic table due to different sensitivity. Under fast
charging conditions and low temperatures, the
appearance of Li plating can occur and influences the
cell performance in a negative way. Li plating is an
accumulation of highly reactive metallic Li on the sur-
face of the electrode. Fast charging and low tempera-
tures result in a jam for the Li diffusion in the elec-
trode. After a relaxation time, very often more or less
full lithiation takes place, removing all metallic lith-
ium [29, 30]. If, however, dendrides of Li are formed,
this can lead to a short circuit resulting in the worst
case to a burn-up. Electric cars, mobile phones and
nowadays e-cigarettes have already shown this phe-
nomenon.

On larger scales of the order of >50 um, neutron
imaging (radiography and tomography) facilitates a
non-destructive view inside the cell, even for batteries
having a steel casing. As an example of such a battery
type, ZEBRA (Zero Emission Battery Research
Activities) cells [31, 32] were measured, as they are an
attractive alternative to conventional batteries because
of the high safety of the sodium metal halide and low
costs. Mobile applications, such as hybrid locomo-
tives, benefit from these batteries. The cathode con-
sists of a mixture of NaCl, metal (Fe and/or Ni) and
NaAlCl, filled into an alumina tube. At cell operation
temperature between 270—350°C, the salt NaAICl, is
molten and serves as an electrolyte while nickel wire
(positive electrode) is used as the current collector.
The cell reaction is: 2NaCl + Metal —» Metal Cl, +
2Na. The liquid Na is the negative electrode. The fill-
ing level of the sodium in the battery can be observed
via a sequence of radiography images during charging
and discharging and directly correlated to the charging
status of the cell [33]. A similar application is to follow
the distribution of the electrolyte during the filling
process of the cell under the condition of a layer
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Fig. 2. Schematic drawing of a Li-ion cell with graphite and metal oxide electrode. Right and bottom: various neutron methods
or derived methods using neutrons to create other probes (prompt gamma activation analysis and positron annihilation spectros-

copy) and their typical applications for Li-ion batteries.

stacked pouch cell [34]. There is a real industrial moti-
vation behind this. In industrial processes, it is very
important to fill cells as fast as possible and in a
homogenous way, so that air is not trapped and the
pressure is not too high. Typical questions which will
be answered are how the soaking of the electrolyte in
the cell works, how the wetting process on the layer
stack takes place, which pathways of the liquid in the
cell are used depending on the cell geometry. Optimi-
zation of dosing, pressure, and venting are carried out
for each cell type to save time in the battery production
line. The time needed for the filling process of hard
case prismatic cells can be reduced by up to 50% after
optimization with neutrons [35].

The method of prompt gamma activation analysis
with sufficiently high sensitivity to detect small
amount of elements is a powerful tool to describe the
capacity loss of the cells if a tiny amount of metal (in
the order of ppm level) is deposited on the graphite
anode after the charging/discharging processes. Here,
the different sensitivity to Ni, Mn and Co for neutron
capture allows quantifying the relative amount of each
element even on the ppm level. In addition, the influ-
ence of temperature and voltage on the deposition
amount of the three metals was studied during the
cycling process [36].

Neutron depth profiling [37] is a rediscovered
method, which is very kind to the surfaces. Neutrons
and Li atoms react to two charged particles, a triton
and a o particle both sent out in opposite directions
[38] and detected via germanium detectors. Irradiated
materials with neutron beams allow only certain
nuclides to emit charged particles after neutron cap-
ture (CHe, °Li, '°B, “N, 70, 33S, 33Cl, and “°K, as well
as a few radioactive nuclides: "Be, 2?Na and *Ni) [39].
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Due to the easy energy loss of the two charged particles
in materials, the depth position of the reaction can be
determined. For high resolution (a few nanometers),
o particles are used for studies of the first about 10 um,
while for a thickness up to approximately 100 um
(depending on the material), triton particles of less
resolution are used [40]. Extracted graphite electrodes
of different cycled cells were studied with respect to
the SEI layer thickness and the Li gradient in the layer
itself [41, 42].

Operando SANS experiments on thin Li-ion
pouch cells have been performed to understand in
more detail the SEI formation [43], the lithiation pro-
cess of Li in graphite [44] and the pore clogging of the
electrolyte and SEI in porous Si-graphite electrodes
[45]. The deuteration of cell components in SANS
experiments significantly expand the results. A modi-
fied method of SANS, called grazing incidence small-
angle neutron scattering [46], is very helpful to gain
information on nanotube arrays as self-organized
anodic titania (TiO,) tubes for anode materials.
Nanotube separation distances and diameter of tubes
can be measured with good precision because a beam
spot up to a few cm? can be applied [47].

Neutron reflectivity [48, 49] is adopted for surface
studies to detect interlayers and Li distributions on
thin smooth film batteries using a parallel neutron
beam reflected on a layer stack of a cell. Typical exam-
ples of measurements on operando cells are the obser-
vation of the electrochemical incorporation of Li into
a crystalline [50] or amorphous Si anode [51] and the
growth of the SEI layer [52] under charging and dis-
charging conditions.

Another indirect method using neutrons is that of
positron annihilation spectroscopy [53]. Neutrons
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converted to positrons stand out with very high sensi-
tivity to surface defects such as vacancies. Irreversible
capacity loss of the cathode material can be related to
lithium vacancies (measured via positrons) as a kinetic
hindrance in the relithiation behavior, for example, of
Li in NiMnCo electrodes [54].

CONCLUSIONS

Neutrons as a probe are a very suitable tool to study
gas turbines (high-temperature alloys) and battery
cells, including their individual components. The
manifold properties of neutrons, including deep pene-
tration depth, good sensitivity to light elements and
the possibility of applications over a large length scale
(sub-nanometer to centimeter) using different tech-
niques, enable measurements starting from single
components up to complete energy systems. This
includes receiving information on the interior without
destroying the measured object. In particular, in situ
and operando experiments strongly support the con-
ventional methods (e.g., microscopy) for the under-
standing and further development of a single compo-
nent, as well as of the whole system such as a complete
gas turbine or a battery cell.
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