for extreme environments.

Introduction

Humankind has an innate appetite for exploration,'~
energy,”™ and speed® that requires materials to perform in
the most extreme environments. While exploring the uni-
verse, systems can be exposed to extreme cold (~3 K in deep
space), extreme heat (~1723 K reentry into Earth’s atmo-
sphere), harsh radiation (high-energy radiation and swift
heavy ions), and tremendous strains (ballistic impacts from
high-speed particles). Energy can be harnessed from the Sun
on Earth through concentrated solar power,” where the Sun’s
rays are focused and stored as heat in molten salts at up
to 973 K.” Next-generation nuclear fission reactors could
pump corrosive molten salts as fuel and/or coolants at high
temperatures to increase efficiency,® with designs reaching
up to ~1773 K,” and nuclear fusion* technologies operate at
even higher temperatures. Related nuclear thermal propul-
sion systems? require temperatures up to~3100 K to thrust
next-generation spacecrafts to Mars> and beyond. Even on
Earth, hypersonic aircraft will experience leading-edge tem-
peratures up to~3000 K® (at Mach 8) that require materials
to both resist oxidation and tolerate high stresses to prevent
deformation midflight. These are just a few examples of the
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Materials properties characterization
in the most extreme environments

Daniel K. Schreiber, Ruth Schwaiger, Martin Heilmaier, and Scott J. McCormack*

There is an ever-increasing need for material systems to operate in the most extreme
environments encountered in space exploration, energy production, and propulsion systems.
To effectively design materials to reliably operate in extreme environments, we need an array
of tools to both sustain lab-scale extreme conditions and then probe the materials properties
across a variety of length and time scales. Within this article, we examine the state-of-the-
art experimental systems for testing materials under extreme environments and highlight
the limitations of these approaches. We focus on three areas: (1) extreme temperatures,
(2) extreme mechanical testing, and (3) chemically hostile environments. Within these areas,
we identify six opportunities for instrument and technique development that are poised to
dramatically impact the further understanding and development of next-generation materials

overarching need for next-generation materials to operate
in the extreme environments required to propel civilization
into the future.

Effective design of material systems to operate in extreme
environments requires a clear understanding of the follow-
ing: (1) their thermodynamics and fundamental properties, (2)
their kinetics and transport properties, and (3) their evolving
microstructure on multiple length and time scales. Tradition-
ally, materials design has relied on trial-and-error Edisonian
approaches and only more recently have computational tools
been significantly leveraged to drive material development.
Integrated computational materials engineering (ICME)
approaches have proved fruitful in the past for designing inno-
vative material systems on demand. The ferrium C64 steel '
was predominantly designed through computational methods
for rotorcraft drive trains in helicopters, and the ferrium M54
steel'! was similarly designed for landing gears in aircraft.
To do so, these steels, their composition, and manufacturing
parameters were predominately predetermined via computa-
tional methods to meet the specific needs of their application.
So why can’t we design material systems for the extreme con-
ditions of hypersonic platforms or nuclear fusion using similar
on-demand methodologies today? Underpinning the successes
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of these previous ventures were fundamental insights derived
from years of experimentation and the subsequent construc-
tion of self-consistent materials properties databases. Compa-
rable databases have yet to be derived for materials under more
extreme conditions, especially under combined extreme con-
ditions. In this article, we describe the current state-of-the-art
experimental capabilities for testing materials under extreme
environments and highlight the limitations of these approaches.
Although there are many different “extremes” that fit this gen-
eral description, we focus on three key areas that are relatively
ubiquitous to challenge material performance: (1) extreme tem-
peratures, (2) extreme mechanical testing, and (3) chemically
hostile environments. Our aim is to identify capability gaps that
if filled will enable the collection of all important materials data
to facilitate the design of next-generation materials that will
survive the most extreme environments.

Materials at extreme temperatures

Extreme temperatures are defined here as above 2000 K and below
77 K. Levitation in conjunction with laser heating can achieve
extremely high temperatures (~4000 K) and be coupled with
materials diagnostics to extract key thermochemical and ther-
mophysical properties. Complementary to this, high-temperature
imaging and thermal properties can be extracted from microscopy
and calorimetry at more modest temperatures (~1600-2873 K).
By contrast, cryogenic experiments slow atoms down and can be
coupled with microscopy and other imaging techniques to extract
fundamental mechanisms related to physical phenomena.

Levitation in conjunction with laser heating (up

to ~4000K)

Levitation in conjunction with laser heating has become the
go-to approach for the highest of temperature measurements.
These container-less techniques are ideal as they prevent
unwanted reactions with their surroundings. Multiple levita-
tion methods can be selected depending on the material system,
including electromagnetic levitation (EML),'>!? electrostatic
levitation (ESL),'*'® and aerodynamic levitator (ADL),""!
which uses a conical nozzle levitator’? (CNL) (Figure 1a), and
acoustic levitator (AL)*® (Figure 1g). The main lasers used
for heating include (1) a CO, laser (10.6 pm), optimized for
heating oxide-based materials; and (2) a Yb laser (1.07 pm),
YAG (1.064 pm), and/or diode lasers (0.980 um) optimized for
heating metallic-based materials. EML can take advantage of
inductive heating for metallic materials. The highest reported
temperature is approximately ~3773 K,*” with unpublished
communications of ~4000 K being achieved on a molten HfO,
with diameter ~2.5 mm using dual laser heating. In all cases,
the best samples for levitation are ~2—3-mm-diameter spheroids.
Ceramic solid oblated spheroids at 3200 K can have temperature
gradients up to ~500 K/mm (depending on processing), which
can be reduced to ~15 K/mm if the sample is a perfect sphere
that spins on all axes. When molten, this temperature gradient
can be reduced to ~5 K/mm through convection.?®

These levitation systems equipped with laser heating have
been coupled with a variety of techniques to probe various
materials properties, such as (1) in-situ high-speed pyrometry
for melting point measurements (thermochemical); (2) drop-
and-catch calorimetry for enthalpy measurements (thermo-
chemical; (3) in-situ high-speed cameras for density, surface
tension, and viscosity experiments (thermophysical); and (4)
in-situ x-ray and neutron diffraction for local structure (short-
range order), crystallography (long-range order), and phase
diagram determination (multiphase order).

In-situ high-speed pyrometry is probably the simplest high-
temperature diagnostic technique. It involves observing a
sample with a high-speed pyrometer that monitors the surface
temperature. The key challenges with these experiments are
as follows: (1) ensuring the sample’s levitation is stable, (2)
ensuring the sample’s temperature gradient is minimized, and
(3) knowing the emissivity of the sample so that the tempera-
ture can be accurately determined. An EML has been used to
measure high-temperature spectral emissivity when equipped
with a spectrometer, but this system is highly custom.?’ High-
speed pyrometry is best known for its recalescence experi-
ments. For pure materials, the melting point can easily be
extracted (Figure 1b). For multicomponent systems, liquidus
and solidus temperatures can be extracted, but is more difficult
and requires more statistics. Liquidus temperatures in oxide
systems that have been examined include HfO,-Ta,O5 (up to
3200 K),***! (Fe,Cr,Al),0, spinels with variation in oxygen
partial pressure (up to 2000 K),3? and others.>*3

Drop-and-catch calorimetry utilizes ADL via a CNL with
a split nozzle and laser heating to achieve temperatures up
to 3700 K. Once the sample has equilibrated, the split noz-
zle is opened, allowing the high-temperature sample to fall
and be caught between two copper heat sinks maintained at
298 K that are attached in series to two semiconductor heat
flux transducers (Figure 1d—e). By heating samples above and
below their melting points, enthalpies of fusion can be meas-
ured (Figure 1f). This design has advantages over conventional
drop calorimetry in which a sample is heated in a furnace
and dropped into a calorimeter at ambient conditions (e.g.,
UO0,,* Si0,%). These older designs required large samples
(10-100 g) encapsulated in metallic containers where the sam-
ple can potentially react with the container leading to errone-
ous results. The drop-and-catch system combined with ADL
overcomes this key limitation and allows for higher tempera-
ture enthalpy of fusion measurements (e.g., ALO,,”” Yb,0,,%
Lu,05,% Zr0,,%” and HfO,"). A key need for this technology
is to develop a drop-and-catch calorimeter where the envi-
ronment can be controlled, allowing for enthalpy of fusion
measurements on air-sensitive intermetallic compounds and
refractories such as carbides, nitrides, and diborides.

High-speed cameras can be used in conjunction with high-
temperature levitation to measure many physical phenomena in
the melt and upon solidification as function of temperature (Fig-
ure 1h). Image processing utilizing machine learning algorithms
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Figure 1. Levitation with laser heating techniques coupled with materials diagnostic. (a) Optical image of a conical nozzle levitator (CNL)

developed by Materials Development, Inc.?? levitating a spherical sample. (b) Cooling trace of ZrO, showing a recalescence peak.*” (c) Oscilla-
tion decay of molten Co-Cr-Mol melt at 1873 K used to determine viscosity and surface tension collected on electrostatic levitation.®° (d) Optical
image drop-and-catch calorimeter.>’ (e) Schematic of a drop-and-catch calorimeter.?” (f) Enthalpy measurements collected using a drop-and-catch
calorimeter showing the enthalpy of fusion for Al,0,.%” (g) Acoustic levitator.2* (h) Partially crystallized undercooled Y,Al;0,, at~1473 K. Crystal-
lization was initiated by a stinger.>* (i) Solid Y,0, undergoing hexagonal to cubic phase transition at 2599 K.?* (j CNL setup at Argonne National
Laboratories Advanced Photon Source for in-situ high-temperature x-ray diffraction.?’ (k) Schematic of the CNL coupled with in-situ x-ray diffrac-
tion.® () In-situ x-ray diffraction of Y,0, at~2773 K.8%. HF heat flux. Each image in this panel was reproduced with permission from its respective

jOU rnal 22,24,27,37,47,50,85

(Figure 1j—1) and neutron sources. Traditionally, these sys-
tems were used to examine the local structure of high-tem-
perature melts. For example, the local structure of molten
(Y,04),(A1,05),_, up to 2770 K was examined using ADL
with laser heating.>* This analysis revealed that the Y-O and
Y-Y coordinations in Y,0; were the same in high-temperature
hexagonal polymorphs as they were in the melt. In contrast,
the addition of Al,O; greatly altered the local structure. These
findings are significant as these local structures demonstrate a
change in entropy on melting that greatly informs our under-
standing of the melting point and process. Similar studies have
applied this method to many other high-temperature molten
oxide systems (e.g., Al,O;, UOZ,55 and UO,-Zr0,°).
Crystallographic information can also be extracted from
solids at high temperatures. The change in tetragonality of
HfO, approaching the tetragonal to cubic transition at ~2723 K
was measured.”’ Critical transitions for next-generation bar-
rier coatings®® have been discovered and studied, such as the
peritectic transition in HfTa,0,,°%% that occurs at ~2523 K.
The anisotropic thermal expansion of a series of oxides has
been measured from room temperature (RT) up to complete
melting (e.g., YSZ®! (Figure 11), La,Zr,0,,%! Hf Ta,0,,,* and
HfTi0,%%), which are critical for the design of next-generation

for sample edge detection is implemented enabling in-situ vol-
ume calculations,*® and in turn, density measurements.'® This
has been implemented to measure densities of various metallic
melts (e.g., Si, 1 Mo, * Ta,** Re,® and Os45) via EML and ESL
above 3500 K and oxide melts (e.g., Al,0,'° Y,0,,* Zr0,,*
and Hf0,*) via ADL and AL above 3000 K. Viscosity>® and
surface tension’® measurements can also be made by perturbing
the melt with a mechanical pulse, causing the molten liquid to
oscillate (Figure 1c). The oscillation damping time and reso-
nance frequency are directly related to the viscosity and surface
tension. Drop oscillation can only be used for low viscosity lig-
uid droplets that can oscillate and thus can only measure viscosi-
ties similar to that of water, and struggle when melt viscosities
are high. This technique has been used to measure viscosities and
surface tensions of a variety of metallic systems (e.g., Ti,*® Mo,*
Pt,*® and Co—Cr-Mo°") above 3500 K and oxide systems (e.g.,
AlL0;,! 210, and Si0,~Ca0-Al,O; slags®?) above 3000 K.
Other interesting features that have been observed using these
techniques include in-situ identification of invariant reactions,
such as the monotectic in ZrO,-Si0,> system and the hexagonal
to cubic transition in Y,0; at ~2599 K (Figure 11).

X-ray and neutron diffraction have been coupled with levi-
tation and laser heating internationally at multiple synchrotron
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high-temperature barrier coatings. Furthermore, entire phase
diagrams have been investigated and built in-situ using this
high-temperature levitation technique, such as the HfO,-Ta,O5
system up to 3200 K 303!

There are additional examples in the literature where high-
temperature levitation is coupled with other x-ray, neutron,
and nuclear magnetic resonance (NMR) techniques. These
include (1) x-ray absorption spectroscopy (XAS) for element-
specific local structure,%%* (2) small-angle x-ray scattering
(SAXS) for liquid-liquid phase transitions,’>%® (3) inelastic
x-ray scattering (IXS) for local structure dynamics and local
viscosity measurements,®’ % (4) small-angle neutron scatter-
ing (SANS) for phase separation,’” (5) quasi-elastic neutron
scattering (QENS) for liquid diffusion coefficient measure-
ments,”"’? and (6) NMR for in-situ local structure coordina-
tion measurements.”>"’

High-temperature imaging and thermal properties (up
to~3273K)

Beyond levitation and laser heating, many other important
high-temperature characterization techniques can operate
above 1500 K. The discussion gives some noteworthy exam-
ples of (1) high-temperature microscopy and (2) calorimetry.

Conventional heating systems in a transmission electron
microscope (TEM) are limited to ~1073 K due to the tem-
perature limitation of the surrounding materials in the micro-
scope. Specialized systems that take advantage of laser pulses
enabling highly localized heating can achieve temperatures up to
2273 K.”® These pulses also provide a unique avenue to observe
dynamic phenomena in pump-probe setups. For example, the
dynamic transmission electron microscope (DTEM) and its
more recent variants’® can provide snapshots of phase changes
and melt solidification fronts.3* 2 One interesting recent devel-
opment is the use of electron energy gain/loss spectroscopy to
measure the sample temperature of a boron nitride via spectrum
shifts from RT to 1600 K at the nanoscale.®® Although these
measurements require highly specialized scanning transmission
electron microscopes (STEMs) with exceptional electron energy
resolution, the approach highlights as-yet untapped opportuni-
ties for extreme temperature studies of materials behavior with
(sub)nanoscale spatial resolutions unapproachable by beamline
or other “bulk” methods.

Differential thermal analysis (DTA) can reach temperatures
upwards of 2873 K.5*%5 In DTA, the temperature difference
between the sample and a reference is recorded on heating and
cooling. Classical DTA geometries allow fast response times,
but are unable to quantitatively measure heats of reaction, as
the magnitude of the thermal arrest is dependent on sample
heat capacity and thermal conductivity.®® In the Boersma
DTA®"#8 design, metallic crucibles are used and tempera-
ture differences between sample and reference are measured,
allowing for calibration and accurate measurements of ther-
mal arrest. The temperature range of a DTA is limited by the
thermocouple material. In air, this is approximately 1873 K
when using a S-type or B-type thermocouple. In a vacuum or

graphite furnace, 2673 K may be reached using WRe thermo-
couples. The highest temperature DTA constructed reached
2873 K with a WRe20-W thermocouple.®* When using DTAs
at these higher temperatures, samples should be sealed in W
containers to prevent carbon contamination.®’

High-temperature oxide melt solution calorimetry” is an
advanced calorimetry technique that uses high-temperature
oxide solvents to dissolve refractory materials to measure their
enthalpy of dissolution. By carefully defining a dissolution
thermal cycle, the enthalpy of formation of a compound,’®!*2
the enthalpy of mixing”> > of a solid solution, and even sur-
face enthalpies®® ™’ can be accurately measured. The main sol-
vents used in the process include lead borate (2PbO-B,0,)'*
and sodium molybdate (3Na,0-4Mo0s,).!°"1%? This technique
has been used predominantly on oxides.”® More recently,
molten sodium molybdate (at 973—-1073 K) has shown to be
an excellent catalyst for the rapid oxidation and dissolution
of other ceramics such as nitrides'~'%° and carbon-based
materials (polymer-derived ceramics),'°*!%7 but more work is
required for the complete dissolution of diborides. These for-
mation, mixing, and surface enthalpies are critical for thermo-
dynamic assessments of high-temperature refractory systems
to understand their stability under a variety of conditions that
are essential to the success of ICME approaches.

Cryogenics (down to ~1.8 K)
At the other end of the temperature spectrum, cryogenic tem-
peratures challenge materials by freezing out atomic motion
and structural relaxations. This leads to the classical structural
ductile-to-brittle transition in many alloys'® and functionality
changes, including superconductivity and magnetic phase transi-
tions.'” The specific temperatures and properties of interest are
quite diverse, and here, we limit the discussion to high-resolution
cryogenic characterization techniques that are relatively agnos-
tic to the specifics of the underlying materials science problem.
These include (1) low-temperature physical property measure-
ment system (PPMS),"'%!12 (2) cryogenic electron microscopy
(cryo-EM),!'® and (3) atom probe tomography (APT).!'*!13
PPMS from Quantum Design can be used to reliably meas-
ure the heat capacity of powders down to 1.8 K.1%!1® If the
powders are thermally insulative, such as oxides, a copper
sample container and copper strips can be used to enhance heat
transfer'!! and improve accuracy. Powders can also be sealed
under pressure up to ~700 kPa.''? The low-temperature PPMSs
are essential for magnetic measurements and standard molar
entropy measurements from low-temperature heat capacity.
With the increased interest in multicomponent alloys, particu-
larly in high-entropy alloys (HEAs), and entropy stabilized
materials,'!”""!” the standard molar entropy (related to the
entropy of formation) becomes essential in determining if the
material is entropy stabilized with respect to its components.
In comparison with ultrahigh-temperature high-resolu-
tion microscopy, cryo-EM is clearly more mature. Cryo-EM
development was driven heavily by the life sciences, where
cryogenic vitrification was necessary to preserve cells and
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other soft materials for high-resolution TEM observation or
diffraction'?®!2! _an achievement recently recognized by
a Nobel Prize.'”? Materials scientists have been slower to
embrace the value of cryo-EM methods, with most applica-
tions involving the preservation of materials that are other-
wise unstable in conventional imaging conditions.!''® These
can range from electron—-beam-sensitive materials (e.g., alkali-
rich battery materials or glasses, hydrated materials),'?*~123
or environmentally sensitive materials that would react or
evolve at RT (e.g., catalysts, actinides, or naturally aging
alloys).'?® Beyond sample preservation, cryo-EM methods
provide unique opportunities to study low-temperature phase
transitions, including magnetic and superconducting transi-
tions relevant to quantum materials. Such opportunities have,
as yet, been largely unexplored'?” with scanning probe or bulk
methods being more prominent.

APT is oftentimes used as a complementary high-resolu-
tion technique to TEM by providing subnanometer resolution,
3D elemental atom maps of buried interfaces, such as grain
boundaries or heterophase interfaces.!'*!"> APT is natively
a cryogenic technique, where the needle-shaped, nanoscale
specimen is maintained at ~20—60 K to prevent surface diffu-
sion. Materials scientists are beginning to explore the potential
of cryo-preservation of specimens for APT analysis. Often-
times these are for environmentally sensitive materials that
would oxidize, form hydrides, or age in typical laboratory con-
ditions, but also include preservations of water/solid interfaces
during corrosion'?1% and hydrogen (deuterium) distributions
in steels susceptible to hydrogen embrittlement.'3!!*2 Unfor-
tunately, the technique does not lend itself well to high-tem-
perature extremes (although in principle heating is feasible
with the in-situ laser of most APTs)."** However, quasi in-
situ material aging or oxidation experiments are possible with
inline reactors attached to the ultrahigh vacuum (UHV) buffer
of the APT.!**135 These are currently limited to ~1073 K, but
could be extended to more extreme temperatures in a similar
way as TEM methods via localized laser heating.

Although most cryogenic microscopy methods are aimed
at preserving a material from damage or change during imag-
ing, a significant opportunity exists to further exploit these
techniques for functional materials to directly probe mate-
rials properties, and changes in properties, under cryogenic
operando conditions. Certainly, work is ongoing in this area,
particularly for magnetic imaging,'*® but with growing interest
in quantum materials, significant opportunity exists to expand
and leverage in-situ cryogenic microscopy methods. Beyond
static imaging, these can include applied electrical or mag-
netic fields, or even irradiation, to drive ferromagnetic and
ferroelectric domain walls,'? electrical transport behavior,'?’
or structural phase transformations. '

Extreme mechanical testing

Mechanical testing is inherently challenging due to required
material geometries that ensure specific stress and strain
states. The stochastic nature of brittle materials provides a
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further challenge where large statistics are required to describe
the distribution of material failure states. These challenges
are compounded when moving to testing extremes. Here,
we group the discussion on extreme mechanical testing as
(1) mechanical testing at extreme temperature performed
in conjunction with a variety of materials diagnostic tech-
niques, (2) small-scale mechanical testing and its benefits, and
(3) in-situ microscopy mechanical testing.

Mechanical testing at extreme temperature

The success of mechanical testing at ultrahigh and ultralow
temperature depends not only on controlling the test tempera-
ture, but mitigating other extraneous factors within the test
system itself, the gripping system, the specimen design, and
even the underlying strain measurements. These challenges
have, to date, limited the maximum test temperature for com-
mercial mechanical testing systems to ~1800 K, which is less
than many service temperatures, such as ~2273 K for hyper-
sonic platforms.

To investigate materials at 2273 K and higher, customized
systems have been designed facilitating mechanical behav-
ior studies of ultrahigh-temperature ceramics (UHTCs) and
refractory alloys using ohmic heating of conducting samples
and pyrometer-based temperature control.'**!4* Tensile tests
of tungsten sheet (1-mm thickness) have shown the tensile
strength and yield strength decreased from ~105 MPa and
~62 MPa, respectively, at 2073 K, to ~21 MPa and ~16 MPa,
respectively, at 2773 K!'*? (Figure 2a). To ensure temperature
homogeneity over the test volume, the samples had a gage
length of 10 mm, and noncontact strain measurement used
machined shoulders as markers (Figure 2a). High-temperature
testing can also be achieved by induction heating, which is
suitable for both conductive and nonconductive materials.
Induction heating of a graphite hot zone in an environmental
chamber (Figure 2b) was used to conduct four-point bend-
ing tests of various zirconium-diboride-based UHTCs up to
2573 K.!*!"1% These revealed that the flexure strength of pure
ZrB, of ~200 MPa (1673-2573 K, in Ar)'*! was increased
in ZrB,-10 vol% ZrC ceramic up to ~460 MPa at 1673 K
and~360 MPa at 2573 K.'%? The temperature limit in these
flexure strength experiments is related to the sample forming
a eutectic with the graphite grips. More recently, the four-point
flexural strength of single-phase high-entropy carbide ceramics
was reported (Figure 2¢) as ~90 MPa at 2573 K compared to
~420 MPa at RT.'** An electric resistance furnace also enabled
high-temperature tensile testing ZrB,—20 vol% SiC in air up to
1973 K.'* Ductile fracture behavior and ~0.5% plastic strain
was observed at 1973 K in an oxidative environment.

Ideally, noncontact methods are used to ensure accurate
and reliable strain measurement at ultrahigh temperatures as
strain gauges and clip-on extensometers are limited to lower
temperatures and larger samples. At ultrahigh temperatures,
even small contact forces may lead to critical stress concen-
trations and premature failure, especially in small specimen
sizes. Recently, an ultrahigh-temperature video extensometer
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Figure 2. Mechanical testing at temperatures >2000 K requires customized setups and adjusted sample geometries to facilitate reliable strain
measurement and stable temperature control. (a) Markers machined into the sample, such as shoulders or wires wrapped around the sample,
enable noncontact strain measurements.'“° Tensile tests of tungsten conducted with this geometry allowed the characterization of the mechanical
properties up to temperatures of 2773 K. (b) High-temperature testing accomplished by induction heating of a graphite hot zone in an envi-

ronmental chamber4

is used for four-point bending tests of ultrahigh-temperature ceramics up to 2573 K. This figure has been reproduced with

permission of The American Ceramic Society. (c) The strength of single-phase high-entropy carbide ceramics was determined up to a temperature
of 2573 K. The flexural strength stayed above ~400 MPa up to 2073 K, then decreased nearly linearly to ~90 MPa at 2573 K.'*3 (d) Test specimen
and schematic showing a test specimen being mounted in the rig at the Advanced Light Source. Below is a 3D in-situ tomography of C-SiC com-
posite under a tensile load at 2023 K. Each image in this panel was reproduced with permission from its respective journal,4%143.144,147

for real-time high-temperature strain measurement, based on
speckle patterns enabling 2D spatially resolved strain, was
presented and validated by uniaxial tests of tungsten-molyb-
denum alloys.'*® At 2273 K, debonding of the speckle pattern
was observed, hampering its operation at higher temperatures.
Instead, markers can be machined (Figure 2a) in the sample,
such as shoulders with well-defined contours'*® or thin wires
wrapped around the specimen,'*” and were used successfully
for strain measurements with a maximum error of+0.07 per-
cent. Although useful, 2D strain cannot be resolved spatially.

An in-situ test rig for mechanical loading at temperatures
up to 2273 K in controlled environments (i.e., under vacuum
or a controlled gas flow) in combination with x-ray microto-
mography (LCT) was designed and fabricated for use at the
Advanced Light Source (ALS) at Lawrence Berkeley National
Laboratory (LBNL).!*7148 The high x-ray flux characteristic of
synchrotron sources in conjunction with high resolution detec-
tors enables high-resolution nCT data sets with resolution of
600 nm/pixel to be acquired within 100 s or even faster. The
time resolution is much faster when compared to lab-based
instruments allowing the direct observation of microstructural

changes during mechanical testing at high temperatures. In
the ALS setup (Figure 2d), heating is achieved by six radiant
lamps with elliptical reflectors that focus at a point, achieving
a ~5-mm-diameter hot zone on the sample. Chamber and load-
ing system are water-cooled to ensure thermal stability. Ten-
sion, compression, and bending loads can be applied, allowing
the determination of mechanical properties at extremely high
temperatures and unprecedented insights into materials defor-
mation and failure behaviors,'® such as crack growth in car-
bon fiber-reinforced ceramic matrix composites (Figure 2d).
Determination of the mechanical properties of materials
under the combined effects of high temperature and high strain
rates represents another challenge. In bulk samples, high strain
rate testing is typically accomplished using a split Hopkinson
bar apparatus reaching strain rates from 10% to 10° s™1.!** Vari-
ous heating methods have been designed for high-temperature
split Hopkinson bar tests.'>’ The most common approach of
simply heating the specimen in contact with the incident and
transmission bars results in a large temperature gradient and
potentially microstructural changes in the elastic bars. Preheat-
ing the specimen and keeping the elastic bars away from the
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hot zone helps to reduce temperature gradients and increase
the specimen temperatures.'>!

Designing materials for extreme environments also relates
to low and cryogenic temperatures. For tensile, fracture, and
fatigue testing at cryogenic temperatures, the specimens are
typically immersed in a coolant such as liquid helium (4.2 K)
or liquid nitrogen (77 K) to reach and maintain the low test
temperature against heat generated by the mechanical loading.
The mechanical properties of face-centered-cubic (fcc) metals
such as austenitic stainless steels, aluminum alloys, copper
alloys, and the hexagonal close-packed (hcp) titanium alloys
have been studied extensively, as they are most frequently
used at cryogenic temperatures.'>> HEAs have drawn addi-
tional interest for cryogenic applications'*® and the single-
phase equimolar fcc alloy CoCrFeMnNi has been the most
widely studied. CoCrFeMnNi exhibits an excellent strength-
ductility combination,'>* different from the ductile-brittle
transition of the traditional alloys. The tensile strength and
strain reached at 4.2 K were ~1.2 GPa and >60%, respectively.

Small-scale mechanical testing

Small-scale mechanical testing under extreme conditions is
gaining popularity as only small amounts of materials are
needed, and thus mechanical property changes can be evalu-
ated efficiently. Furthermore, small-scale testing methods also
enable targeting specific microstructural features or areas on
the sample surface of interest.

Nanoindentation testing is one of the most popular tech-
niques for mechanical characterization at ambient tempera-
tures and has also become popular for high-temperature
testing.'>>!% The simple sample geometry needed for nanoin-
dentation is advantageous compared to standard tension and
compression samples, which need larger quantities of materi-
als and more elaborate fabrication. Nanoindentation at tem-
peratures up to 700 K is used routinely to determine deforma-
tion mechanisms and thermal activation parameters for metals
and alloys,">"!*® and recently nanoindentation experiments at
1373 K'>? were demonstrated. Identifying the most suitable tip
material is probably the biggest challenge, because chemical
reactions or tip wear need to be avoided during the indenta-
tion process. Tungsten carbide was identified as the material
with the lowest chemical reactivity with the largest number
of elements.'®

The low-temperature regime is relatively unexplored with
respect to nanoindentation. Similar to macroscopic tensile
tests, materials and indenter tips can be immersed in cryo-
genic liquids to ensure constant temperature when contact is
made. Typically, such methods do not allow for measuring
the indentation depth but analyze the size of the impression,
as done in macroscopic hardness testing. Peltier coolers can
also be attached to the sample and the indenter tip'®! and have
allowed measuring the displacement at a reasonable thermal
drift rate, but because the setup was operated in air, ice crystals
formed on the sample surface for temperatures <273 K. This
problem can be solved by operating in vacuum, shown more
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recently for a depth-sensing indenter system'®* where a cold
finger design allowed temperatures down to 150 K.

For irradiated materials, small-scale mechanical testing is
also popular'®*!®* because the material’s properties can be
evaluated from small volumes of (expensive and radioactive)
reactor-irradiated materials or from the (relatively cheap and
typically not radioactive) thin surface layers of ion-beam
irradiated samples. Small neutron-irradiated materials are not
considered radioactive by many laboratory radiation safety
metrics because of the small radioactive volumes. Nanoinden-
tation methods have also been the most popular small-scale
testing technique used in combination with electrochemical
hydrogen charging to study the effects of hydrogen on the
mechanical properties of materials'®>'%® elucidating the mech-
anisms of hydrogen embrittlement.

On the other hand, small-scale high strain-rate testing is
still in its infancy. Small-scale mechanical testing is typically
conducted at strain rates between 107> and 10~2 s™', whereas
macroscale devices like the split Hopkinson bar can reach
strain rates several magnitudes higher. Although some nanoin-
dentation instruments are already capable of high strain-rate
testing reaching 1000 s~!,'*17 these methods are not yet rou-
tinely used for measuring fundamental mechanical properties
at high strain rates.

High-resolution characterization of deformed
microstructures

High-resolution microstructural characterization comple-
ments mechanical testing with atomic-to-mesoscale observa-
tions of material deformation. TEM plays a vital role here
with broad analytical flexibility to describe both structural and
microchemical material changes across length scales. Classic
examples include dislocation imaging,'”! analyses of evolv-
ing grain-boundary structures and chemistry, local strain map-
ping, and crack-tip analyses.'’* Most often these analyses are
performed ex situ (i.e., postmortem) after mechanical testing,
providing a static snapshot of the final, and often structurally
failed, microstructure. The analytical methods include elec-
tron diffraction (atomic order and structural defects in a mate-
rial), energy-dispersive x-ray spectroscopy (EDS—elemental
composition), and electron energy-loss spectroscopy (EELS—
elemental composition and chemical bonding information).
Four-dimensional-STEM, which involves collecting local
diffraction patterns at each pixel during a nanoscale electron
probe scan, is a relatively new and promising method'”* for
nanoscale strain maps (e.g., around crack tips) and the inter-
play of local ordering and material deformation. In-situ TEM
mechanical testing has made tremendous strides in recent
years, especially in nanopillar compression, tension, or canti-
lever testing, and extending to tribology and shear!”*!”> to pro-
vide more direct connections between high-resolution observa-
tion and mechanical response. These nanoscale samples are
most often prepared by focused ion beam (FIB) milling with
a Ga+ ion beam, which has potential negative effects on the
resulting mechanical behavior that should be considered.'”
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At the same time, the rate at which data are being generated,
both with in-situ and ex-situ analyses, presents a challenge
for materials scientists and data scientists alike.!”” This trend
will continue as in-situ experiments continue to push the
boundaries of what is possible and generate data faster than
the scientist can analyze it.

Material degradation in chemically hostile
environments

Most materials are natively far from thermodynamic equilib-
rium in their typical use environment and can be even more so
in certain extreme environments. Chemical reactions between
the material and environment drive deleterious microstructural
evolution. At elevated temperatures, materials are required that
can withstand oxidative and other corrosive environments
often over the course of long lifetimes. Although materials
are engineered to tolerate or resist these changes, oftentimes
by depositing or natively forming barrier layers separating the
material and environment, increasingly hostile environments
challenge our scientific and engineering capacities. Exemplary
areas, which will be tackled in this section from the viewpoint
of how to reliably measure material degradation, will be (1)
molten salt corrosion with an emphasis on the applications in
concentrated solar power (CSP) plants; (2) gaseous corrosion
with an emphasis on space missions, including hypersonic
flight with reentry vehicles and venus atmospheric corrosion;
and (3) chemical implications at low temperature. The cur-
rent state of testing for these three application scenarios is
presented, which need seemingly different approaches with
respect to temperature and atmosphere testing regimes.

Molten salt corrosion

Heat-transfer fluids (HTFs) and thermal energy storage (TES)
materials must fulfill specific requirements, including high ther-
mal conductivity and heat capacity, low viscosity, low melting,
and high boiling points, alongside easy availability and limited
environmental impact.!”® '8! Currently, molten nitrate salts are
employed as HTFs and for TES, but their thermal stability lim-
its operation temperatures to about 838 K.!7%!81:182 Because
the energy-conversion efficiency of CSP systems increases
with operating temperature, the next generation of CSP plants
will operate at temperatures above 973 K.!3¢133184 Op the one
hand, this requires utilizing novel HTF and TES materials, such
as molten eutectic chloride salts (e.g., NaCl-KCIl-MgCl,) that
guarantee a low freezing point but high thermal stability at
the same time.'83"'85 On the other hand, long-term testing and
sophisticated characterization techniques must be employed on
the corrosion phenomena from these media.'*>"'*” An example
for a state-of-the-art test setup is given in Figure 3a.'3% For the
crucibles, high-temperature-resistant glassy carbon or alumina is
usually used.'3>13¢ The experiments are carried out under flow-
ing Ar atmosphere for times of up to 500 h and the temperature
is controlled by PtRh10-Pt thermocouples within the molten
salt. Although this experimental setup is capable of maintaining
long-term testing and temperatures beyond those of actual CSP
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plants, there is still a lack of commercial structural alloys that
can withstand those demanding conditions.'®>'%7 As an example,
stainless steels 310 and 316, or Ni-base alloys such as Haynes
230, IN 600, or IN 625 suffer huge material losses ranging from
200 to 1700 pm/year along with extensive Cr leaching at 973 K
that make them clearly unacceptable for these environments
(Figure 3b).'8"1% Such behavior is perhaps ironic, as high-Cr
alloys are commonplace in corrosion-resistant alloys in most
oxide-forming environments where nanoscopic films of Cr,O4
protect the underlying alloy from further degradation. Similar
responses have been observed in FLiNaK and FLiBe chemistries
considered for molten salt cooled nuclear reactor designs, driving
similar research efforts to identify and engineer new materials to
withstand those related environments.'**~12

Surprisingly, after the seminal work of Atmani and Rameau
in 1980,'°1%% who investigated stress-corrosion cracking
(SCC) of stainless steel in molten NaCl-CaCl, at 840 K utiliz-
ing a uniquely designed tensile test apparatus, few groups have
aimed at studying the combined impact of mechanical stress
and chemical attack under CSP conditions.'”* This research
gap, in part, is a result of expected low-stress conditions of
CSP or molten salt reactor designs, but localized attack and
grain-boundary embrittlement could well be anticipated in ser-
vice.'” In research on T91 SCC,'" tensile tests were carried
out at low strain rates (around 107° s7!) as calculated from
the initial displacement rate in electromechanical test systems.
For the corrosion chamber graphite crucibles or Ni-Cr-Mo
alloys were employed, which makes direct strain measure-
ment a challenge, if not impossible. Similarly, measurements
of dynamic crack growth rates using electrical potential drop
across the specimen!®® are quite difficult given the conduc-
tive nature of the salt media. As anticipated, the comparison
with the material behavior at the same temperature, but in
air, reveals substantial decays in both yield strength and ulti-
mate tensile strength (UTS) as well as in obtainable ductility.
Nevertheless, the scarce available information in the literature
clearly demonstrates the detrimental impact of superimposed
chemical attack on mechanical loading under CSP conditions.

Nanoscale characterization of atomic-level processes
accompanying high-temperature salt corrosion are still lim-
ited in the literature. This is partially the result of difficulty in
designing in-situ high-resolution salt corrosion experiments,
and the air sensitivity of corroded surfaces, especially salt/
alloy interfaces, for ex-situ examinations. Environmental con-
trol during ex-situ sample preparation is persistently vexing
when studying the role of salt impurities on corrosion behav-
ior, especially impurity oxidants, when laboratory air easily
reacts with the salt at room temperature. Several opportunities
exist for extending cryo-EM and cryo-APT methods to study
(solidified) salt/alloy corrosion interfaces. In particular, meth-
ods developed for studying alkali-rich battery materials, which
share many similar air-sensitivities with the salts here, could
be leveraged.'?> High-resolution in-situ observations of salt
corrosion fronts are also beginning to be possible. For exam-
ple, high-resolution x-ray tomography measurements have
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Figure 3. Experimental setups and analyses of materials exposed to (upper left) salt corrosion, (upper right) high-temperature gas, (lower left)
highly corrosive gas, and (lower right) low-temperature hydrogen. Corrosive testing under extreme conditions. (a) A typical setup for molten

salt corrosion testing at elevated temperatures with suspended coupon samples.'®® (b) Energy-dispersive x-ray spectroscopy (EDS) analysis

of extensive Cr leaching from a 316H stainless steel after salt corrosion (NaCl-KCI-MgCl,) at 973 K for 400 h.'® (c) Continuous weight change
curves of an equimolar Ta-Mo-Cr-Ti-Al RHEA in laboratory air between 1273 and 1773 K.2% (d) Optical image of high-temperature arc jet testing
of ultrahigh temperature ceramics at NASA HyMETS test facility.?*® (e) Optical image of sample loading into the GEER (Venus chamber)?'® and
(f) EDS analysis of the resulting corrosion in Inconel 625.2'° (g) Experimental setup for deuterium charging of atom probe tomography

(APT) specimens and cryogenic preservation's?

and (h) corresponding APT atom map of deuterium segregation to transgranular carbides on

dislocations.®? Each image in this panel was reproduced with permission from its respective journal.'3%185189,203.219

been made during salt corrosion of Ni-Cr alloys, which can
exhibit a bicontinuous network of nanopores and Cr-depleted
metal'®” similar to nanoporous Au formed from Ag-Au
alloys.'”® Although aqueous corrosion has been studied via
liquid-cell TEM,'” similar inroads have yet to be made for
molten salt corrosion with limited success having been found
with iterative snapshots of salt corrosion on TEM samples.>?°

Gaseous corrosion

Research for high-temperature air and combustion environ-
ments focuses on increasing the temperature capability of
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material systems beyond those of existing Ni-based super-
alloys. Two primary material classes have been in focus for
some years for applications in combustion engines, hypersonic
flight, and reentry vehicles at temperatures up to 3273 K:
UHTC based on borides, carbides, or nitrides?®' 2% and
refractory high-entropy alloys (RHEAs).?* Oxidation test-
ing at these extreme temperatures is usually done in (labora-
tory) air, either discontinuously in box/muffle furnaces with
intermittent weight change measurements, or continuously
by thermogravimetric analysis (TGA). Figure 3¢ displays
such continuously measured weight changes of the equimolar
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Ta-Mo-Cr-Ti-Al RHEA for a wide temperature range between
1273 and 1773 K. The moderate weight gains indicate good
protectiveness of the complex CrTaO, scale at temperatures
up to AT =400 K higher than those acceptable for state-of-the-
art Ni-based superalloys.?> To simulate reentry conditions,
including thermal shock resistance, less expensive oxyacety-
lene torch tests?’2%® and more expensive arc jet tests in a
temperature range between 1373 K (simulating hypersonic
flights at Mach 6) and beyond 2273 K are carried out;?%!~2%3
see Figure 3d representing a test of a ZrB,/SiC-based com-
posite, coated with Mo-Si-B, tested at NASA’s HyMETS test
facility.””” However, as many of these materials are considered
to form a protective silica scale, investigations under water
vapor have additionally been carried out,2'%*!! which clearly
demonstrate (detrimental) accelerated scale growth under wet
conditions. An interesting novel method for mechanical testing
superimposed with wet air and sodium chloride (i.e., SCC)
was exemplified recently for Ti alloys at elevated temperatures
(723 K).?'> During two-point bend testing with a uniquely
designed setup for 100 h, surprisingly little deuterium was
taken up by the Ti alloy (<0.06 at.%), as determined by post-
test APT analysis. By contrast, a significant impact on embrit-
tlement was found from the severe oxygen pickup (>5 at.%) in
the wake of the crack tip, eventually leading to the formation
of alien phases.

High-resolution in-situ characterizations have yet to be
established under comparable extremely aggressive conditions.
State-of-the-art environmental TEM experiments are typically
limited to ~1073—-1273 K in flowing gas in either dedicated
microscopes or cell-based sample holders.”'**'* However, these
kinds of studies have still been informative for directly observ-
ing atomic-level dynamic phenomena otherwise only inferred.
For example, oxidation of particles can reveal the evolution of a
solid metal sphere to a hollow oxide sphere through Kirkendall
effects of vacancy coalescence at the nanoparticle interior.*'*
Currently, temperature limitations do affect the viability of this
approach to in-situ ultrahigh-temperature oxidation studies.
Although laser heating could extend the sample temperature
to higher ranges, one must also consider the temperature of
the surrounding gas and its flow rate and their impacts on the
resulting behaviors. Lower-temperature in-situ oxidation or
ex-situ characterization of previously oxidized samples is thus
the current state of the art for nanoscale analyses. Ex-sifu high-
resolution TEM and APT are still likely to play a critical role in
the ongoing development of corrosion-resistant materials, with
nanoscale observations of the resulting chemical, structural, and
elemental evolution, especially for compositionally complex
RHEAs and their resulting oxides.?'*1®

The Glenn Extreme Environments Rig (GEER) can
simulate many planetary environments include high tem-
perature and high pressure along with multicomponent chem-
istry within a 0.914 m (3 ft.) diameter and 1.219 m (4 ft.)
length.?!” Due to NASAs current interest in Venus,?'®* GEER
has been configured to mimic the Venusian atmosphere
at the surface to about 75 km high. GEER can mimic the

surface for more than 24 days with the following parameters:
773 K, 100 bar, CO,-96.5%, SO,-130 ppm, HF-5 ppm, HCI-
0.5 ppm, NO-5.5 ppb, CO-15 ppm, COS-27 ppm, N,-3.4%,
and H,0-30 ppm for 24 days.?'” Figure 3e shows samples
being loaded into GEER. Several materials have been tested
for survivability and durability, including electronics pack-
aging materials (PbO, Al,0;), insulation (rock wool: CaO/
Si0,), SiC electronics (Au/Pt/Ir/Pt/TaSi2 bondpads, Au wires,
Pt wires), feed-through materials (ceramawire), SiC pressure
sensors,>! and Inconel 625. Figure 3f shows a scanning elec-
tron microscopy EDS map of Inconel 625 degradation between
10 and 42 days in GEER, highlighting formation and growth
of duplex corrosion layers. The large volume capacity of the
system also allows for the testing of real systems. Several
key systems have already been tested in GEER in preparation
for a Venus mission including a SiC-based integrated circuit
(IC) for electronic systems,?>**?! a high-temperature co-fired
ceramic Al,O; package with Au/Pt metallization system,’*?
and a sensor system that measures the relative dielectric con-
stant of gases within the Venus atmosphere.?**

Chemical implications at low temperature

As one could expect, low temperatures are less associated with
chemical material degradation than high temperatures as reac-
tivity decreases. There is, however, one example worth high-
lighting: hydrogen embrittlement. Here, an alloy’s ductility is
significantly reduced due to the presence of hydrogen in the
alloy, typically from environmental conditions. This embrittle-
ment is exacerbated at low temperatures where hydrogen can
enrich and trap at microstructural defects (precipitates, grain
boundaries, or dislocations) to impede normal deformation
mechanisms. Although these typically need not be cryogenic
temperatures, direct observation of this predicted hydrogen
trapping has only recently been made possible by advances
in cryo-APT methods (Figure 3g), which complement inte-
gral methods of measuring hydrogen trap energies via thermal
desorption analysis (TDA).?2*?25 The challenge here is that
very few analytical methods have sufficient spatial resolution
and sensitivity to light elements (e.g., APT observation of a
spiked deuterium isotope of hydrogen in Figure 3h). Further-
more, hydrogen is very mobile even at room temperature,
so keeping hydrogen in a nanoscopic APT specimen is also
nontrivial. With these advances in cryogenic sample prepara-
tion and handling, recent cryo-APT research is making great
strides in revealing the atomic-level detail of hydrogen trap-
ping underpinning embrittlement.!3>212226-227 However, these
studies have been limited to electrochemical hydrogen loading
of samples and have yet to directly connect with mechanical
testing of the hydrogen-loaded samples.

Overview and next steps

We have come a long way in the investigation of materials in
the most extreme environments, ranging from temperatures as
low as 1.8 K to as high as ~4000 K, including high stresses and
strains coupled with temperature all the way to hot, corrosive,
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and oxidative environments. These measurements will be criti-
cal to developing materials databases for predictive design of
novel materials for these conditions, but much work has yet to
be done and to push our testing limits even further. From this
review, we have identified several key instrument and testing
developments that can be pursued and achieved within the
next decade. These include the following:

1. In situ high-temperature solid—gas reactions: As tempera-
ture increases (>2000 K), the amount of solid—gas reaction
(e.g., oxidation) data decreases. This data problem could
be overcome by utilizing aerodynamic levitation in con-
junction with laser heating by varying the levitation gas
while at temperature. If performed carefully, oxidation and
other solid—gas reaction data could be collected up to the
melting points of UHTC and RHEA materials.

2. Low-temperature applied properties: Beyond sample pres-
ervation, cryo-EM affords as-yet untapped opportunities
to study low-temperature functional materials via in-situ
experimentation at the nanoscale and in real time. Emer-
gent magnetic phenomena, critical for the development
of quantum materials, are at the forefront of this push and
will see significant progress soon.

3. Mechanical testing in coupled extreme environments:
There has been much progress in high-temperature
mechanical testing, but there could be even greater
benefits by developing additional systems to control
atmospheres/corrosive environments: new sample designs
(e.g., samples with cavities inside that are filled with solar
salt or hydrogen passing through a tensile sample during
mechanical testing).

4. Small-scale testing: Great progress has been made over
the last decade. Interactions with the tip materials in
nanoindentation still represent the biggest challenge due
to reactions with the sample at high temperature.

5. High-resolution characterization methods of high-temper-
ature salt corrosion: Part of the technical challenge for
in-situ TEM studies will undoubtedly be precise control
of salt chemistry and its impurities, which are known to
exacerbate or totally change the nature of the salt cor-
rosion.??® In comparison with thermal or mechanical
extremes, much more work is needed to develop compa-
rable high-resolution characterization methods of high-
temperature salt corrosion.

6. Low temperatures and light elements: Cryo-APT sample
preparation and environmental transfer have made criti-
cal inroads to probing hydrogen-assisted processes at the
nanoscale. These methods must be further extended to
directly correlate with mechanical testing to establish
interdependencies.

If these tools and techniques are added to humankind’s rep-
ertoire, we could come a step closer to achieving our goals of
exploring the universe, harnessing, and storing vast amounts
of energy, all at a reasonable speed.
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