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Preface

This proceedings issue contains contributions from three energy related symposia
that were part of the 39th International Conference on Advanced Ceramics and
Composites (ICACC), in Daytona Beach, Florida, January 25-30, 2015:

* Advanced Ceramics and Composites for Sustainable Nuclear Energy and
Fusion Energy

* Advanced Materials and Technologies for Energy Generation, Conversion, and
Rechargeable Energy Storage

+ Advanced Ceramic Materials and Processing for Photonics and Energy

The first two symposia were sponsored by The American Ceramic Society’s
(ACerS) Engineering Ceramics Division and the third by ACerS Nuclear & Envi-
ronmental Technology Division.

The editors wish to thank the authors and presenters for their contributions, the
symposium organizers for their time and labor, and all the manuscript reviewers for
their valuable comments and suggestions. Acknowledgment is also due for finan-
cial support from the Engineering Ceramics Division, the Nuclear & Environmental
Technology Division, and The American Ceramic Society. The editors wish to
thank ACerS for assembling and publishing the proceedings.

Joser MATYAS, Pacific Northwest National Laboratory, USA
Yural KaTtoH, Oak Ridge National Laboratory, USA
Hua-Tay LiN, Guangdong University of Technology, China
ALBERTO VOMIERO, Luled University of Technology, Sweden
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Introduction

This CESP issue consists of papers that were submitted and approved for the pro-
ceedings of the 39th International Conference on Advanced Ceramics and Compos-
ites (ICACC), held January 25-30, 2015 in Daytona Beach, Florida. ICACC is the
most prominent international meeting in the area of advanced structural, functional,
and nanoscopic ceramics, composites, and other emerging ceramic materials and
technologies. This prestigious conference has been organized by the Engineering
Ceramics Division (ECD) of The American Ceramic Society (ACerS) since 1977.

The 39th ICACC hosted more than 1,000 attendees from 40 countries and over
800 presentations. The topics ranged from ceramic nanomaterials to structural relia-
bility of ceramic components which demonstrated the linkage between materials
science developments at the atomic level and macro level structural applications.
Papers addressed material, model, and component development and investigated
the interrelations between the processing, properties, and microstructure of ceramic
materials.

The 2015 conference was organized into the following 21 symposia and ses-
sions:

Symposium 1 Mechanical Behavior and Performance of Ceramics and
Composites

Symposium 2 Advanced Ceramic Coatings for Structural, Environmental, and
Functional Applications

Symposium 3 12th International Symposium on Solid Oxide Fuel Cells (SOFC):
Materials, Science, and Technology

Symposium 4  Armor Ceramics: Challenges and New Developments

Symposium 5 Next Generation Bioceramics and Biocomposites

Symposium 6  Advanced Materials and Technologies for Energy Generation and
Rechargeable Energy Storage

Symposium 7 9th International Symposium on Nanostructured Materials and
Nanocomposites

Symposium 8  9th International Symposium on Advanced Processing &
Manufacturing Technologies for Structural & Multifunctional
Materials and Systems (APMT), In Honor of Prof. Stuart
Hampshire



Symposium 9 Porous Ceramics: Novel Developments and Applications
Symposium 10 Virtual Materials (Computational) Design and Ceramic Genome
Symposium 11 Advanced Materials and Innovative Processing ideas for the
Industrial Root Technology
Symposium 12 Materials for Extreme Environments: Ultrahigh Temperature
Ceramics (UHTCs) and Nanolaminated Ternary Carbides and
Nitrides (MAX Phases)
Symposium 13 Advanced Ceramics and Composites for Sustainable Nuclear
Energy and Fusion Energy
Focused Session 1 Geopolymers, Chemically Bonded Ceramics, Eco-friendly and
Sustainable Materials
Focused Session 2 Advanced Ceramic Materials and Processing for Photonics and
Energy
Focused Session 3 Materials Diagnostics and Structural Health Monitoring of
Ceramic Components and Systems
Focused Session 4 Additive Manufacturing and 3D Printing Technologies
Focused Session 5 Single Crystalline Materials for Electrical, Optical and Medical
Applications
Focused Session 6 Field Assisted Sintering and Related Phenomena at High
Temperatures
Special Session  2nd European Union-USA Engineering Ceramics Summit
Special Session  4th Global Young Investigators Forum

The proceedings papers from this conference are published in the below seven
issues of the 2015 CESP; Volume 36, Issues 2-8, as listed below.

» Mechanical Properties and Performance of Engineering Ceramics and
Composites X, CESP Volume 36, Issue 2 (includes papers from Symposium 1)

« Advances in Solid Oxide Fuel Cells and Electronic Ceramics, CESP Volume 36,
Issue 3 (includes papers from Symposium 3 and Focused Session 5)

+ Advances in Ceramic Armor XI, CESP Volume 36, Issue 4 (includes papers
from Symposium 4)

» Advances in Bioceramics and Porous Ceramics VIII, CESP Volume 36, Issue 5
(includes papers from Symposia 5 and 9)

» Advanced Processing and Manufacturing Technologies for Nanostructured and
Multifunctional Materials II, CESP Volume 36, Issue 6 (includes papers from
Symposia 7 and 8 and Focused Sessions 4 and 6)

* Ceramic Materials for Energy Applications V, CESP Volume 36, Issue 7
(includes papers from Symposia 6 and 13 and Focused Session 2)

» Developments in Strategic Ceramic Materials, CESP Volume 36, Issue 8
(includes papers from Symposia 2, 10, 11, and 12; from Focused Sessions 1
and 3); the European-USA Engineering Ceramics Summit; and the 4th Annual
Global Young Investigator Forum

The organization of the Daytona Beach meeting and the publication of these pro-
ceedings were possible thanks to the professional staff of ACerS and the tireless
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dedication of many ECD members. We would especially like to express our sincere
thanks to the symposia organizers, session chairs, presenters and conference atten-
dees, for their efforts and enthusiastic participation in the vibrant and cutting-edge
conference.

ACerS and the ECD invite you to attend the Jubilee Celebration of the 40th In-
ternational Conference on Advanced Ceramics and Composites (http://www.ceram-
ics.org/daytona2016) January 24-29, 2016 in Daytona Beach, Florida.

To purchase additional CESP issues as well as other ceramic publications, visit
the ACerS-Wiley Publications home page at www.wiley.com/go/ceramics.

JINGYANG WANG, Institute of Metal Research, Chinese Academy of Sciences,
Shenyang, China

SosHuU KIrRHARA, Osaka University, Osaka, Japan

Volume Editors
July 2015
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HOOP TENSILE STRENGTH OF CMC TUBES FOR LWRS APPLCATIONS USING INTERNAL
PRESSURIZATION VIA ELASTOMERIC INSERT: NEW ASTM TEST METHOD

Michael G. Jenkins, Bothell Engineering & Science Technologies, Bothell, WA, USA,
jenkinsmg@bothellest.com

Jonathan A. Salem, NASA Glenn Research Center, Cleveland, OH, USA,
jonathan.a.salem@nasa.gov

Janine E. Gallego, Bothell Engineering & Science Technologies, Bothell, WA, USA,
gallegoje@bothellest.com

ABSTRACT

The US DOE plans to replace conventional zirconium-alloy fuel rod tubes in light water reactors (LWR)
with those consisting of SiC/SiC CMCs to enhance fuel performance and accident tolerance. SiC/SiC
CMC:s show tolerance to the irradiation and chemical environments of LWRs. Failure modes in LWR
fuel cladding include loss of gas tightness and mechanical integrity due to the build-up of internal gas
pressure and the swelling of fuel pellets. Therefore, determination of the hoop tensile strength is
critically important for evaluation of SiC/SiC CMC fuel claddings. A new ASTM standard test method
(C1819) has been developed and is in the final publication stages. The standard uses internal
pressurization developed by longitudinal compression of an elastomeric insert to produce radial pressure
that results in tensile hoop stresses in CMC tubular test specimens. This test method is based on sound,
theoretical analysis of the stresses developed in tubes subjected to internal pressure over a finite length
inside a semi-infinitely long tube. The new ASTM test method contains information on test specimen
dimensions, testing geometries, test conditions and results interpretation based on this theory and
subsequent empirical tests applied to various materials and geometries. This test method is intended for
for material development, material characterization, material screening, and quality assurance.

INTRODUCTION

US Department of Energy (US DOE) has proposed replacing conventional zirconium-alloy fuel rod
tubes in light water reactors (LWRs) with fuel rods fabricated in whole or in part from ceramic matrix
composite (CMC) materials in order to enhance fuel performance and accident tolerance. !> *# Because
of their demonstrated tolerance to the irradiation and chemical environments of LWRs, silicon carbide
continuous fiber-reinforced silicon carbide-matrix (SiC/SiC) CMCs have been targeted for this
application. It is noteworthy that SiC/SiC materials exhibit high strength at elevated temperatures and
low chemical activity (e.g., no exothermic reaction with water that produces hydrogen gas as zirconium
demonstrates at elevated temperatures). In addition, the high-temperature properties of SiC/SiC CMCs
indicate that the fuel system using this CMC can retain its geometry and fuel protective functionality
even during an accident. Elimination of the exothermic zirconium and water reaction (and the attendant
generation of free hydrogen) also increases the temperature at which the fuel can operate, thereby
lowering the type of risks created during an accident scenario '2.

Anticipated failure modes for the LWR fuel cladding include loss of gas tightness and mechanical
integrity due to the build-up of internal gas pressure and the swelling of fuel pellets. Thus, it is critically
important to rigorously determine the hoop tensile or equivalent strength properties when evaluating
SiC/SiC CMC fuel claddings.


mailto:jenkinsmg@bothellest.com
mailto:jonathan.a.salem@nasa.gov
mailto:gallegoje@bothellest.com
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Zircaloy-4 SiCf/Sic

Figure 1 SiC/SiC CMC cladding for LWR fuel rods (from Ref 1)

SiC/SiC CMCs consist of high-strength silicon carbide fiber secondary (or reinforcement) phase in
a high-temperature silicon carbide primary (or matrix) phase. In addition to high strength and high
fracture resistance at elevated temperatures, this type of composite structure combined with the silicon
carbide material results in potentially greater resistance to neutron radiation® compared to conventional
materials. The ceramic reinforcement in the form of fibre tows have high filament counts (500-2000)
and are woven with large units cells, several millimeters in size. In tubular configurations the composites
may be constructed as a 1-D filament wound, 2-D laminate, or 3-D (weave or braid) configuration
depending on what tensile, shear, and hoop stresses are considered. The fiber architecture in the tubes
can be geometrically tailored for highly anisotropic or uniform isotropic mechanical and thermal
properties.” 3

Tubular geometries for nuclear applications present challenges for both the material fabricators and
the material evaluators of SiC/SiC CMCs. For fabricators, challenges include the following: how to
make seamless tubes with multiple direction architectures?; how to ensure integrity in the radial
direction?; and how to create uniform wall thickness and uniform/nonporous matrices? For evaluators,
challenges include: how to build on decades of experience with consensus standards and data bases for
“flat” material forms?; how to interpret information from tests of test specimen in component form?; and
how to adapt expertise at room temperature in ambient environments to conditions at high temperature
in specific extreme-use environments?

It is important to note that until recently, there were no commonly-accepted design methodologies
for tubular components comprised of advanced composite, and in particular, there few mechanical test
standards for any of these properties of tubular geometry ceramic composite components. Fortunately,
in 2013, a new standard® for axial tensile strength of CMC tubes approved and published by ASTM as
C1773 “Standard Test Method for Monotonic Tensile Behavior of Continuous Fiber-Reinforced
Advanced Ceramic Tubular Test Specimens at Ambient Temperature™ after several years of
development.

It in important to note that use of CMCs in LWR applications requires mechanical test standards to
support not only material development and property databases, but also design codes and component
specification documents, as well as Nuclear Regulatory Commission (NRC) regulations on nuclear

4 - Ceramic Materials for Energy Applications V
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design approval, certification, and licensing.>* > In particular, mechanical test standards for nuclear-
grade CMCs are necessary to provide accurate, reliable, and statistically-significant data as determined
from technically-rigorous, well-defined test methods, detailed test specimen preparation, comprehensive
reporting requirements, and commonly-accepted terminology. Development and design of LWR
components composed of CMCs could be hampered and delayed if appropriate standards of mechanical
test methods are not available in a timely manner.

It is noteworthy that the timing of nuclear applications of SiC/SiC CMCs in LWR components is
such that they can advance an existing mature specialized technology of CMCs. In particular, the large
strides in development of SiC/SiC CMC materials and structure technology were made possible by
funding from the aerospace and defense industries/agencies. Additionally, current evaluation and
application of SiC/SiC CMCs in fusion reactors (first wall) and tristructural-isotropic (TRISO) fuel
forms provide established properties under extended neutron irradiation and at high temperatures as well
as very hot steam environment. Expanding, statistically-significant data bases for SiC/SiC CMCs now
exist because of the evolution of consensus test methods and design codes. Finally, maturation of
volume-scale manufacturing capability for all types of CMCs including SiC/SiC CMCs adds to the
availability and understanding of these materials.

Professional organizations such as American Society of Mechanical Engineers (ASME) and ASTM
International are leading the way in developing the codes, specifications, and test standards for CMCs
in nuclear applications. ASTM International Committee C28 on Advanced Ceramics has a particular
focus on mechanical test standards for CMCs.”® Specifically, ASTM Subcommittee C28.07 on Ceramic
Composites has published fourteen standards for CMCs (e.g., tensile, flexure, shear, compression, creep,
fatigue, etc.) -8

Mechanical testing of composite tube geometries is distinctly different from testing flat plates
because of the differences in fiber architecture (weaves, braids, filament wound), stress conditions (hoop,
torsion, and flexure stresses), gripping, bending stresses, gage section definition, and scaling issues.’
Because there are no commonly-accepted design methodologies for advanced composite tubular
components, there are almost no mechanical test standards for any properties of tubular ceramic
composite components.

Therefore, in this paper, some aspects are presented for a new ASTM standard test method for hoop
tensile strength of CMC tubes that has been approved in 2015 via consensus balloting (C1819)!!. This
new standard uses axial compression of elastomeric inserts to produce radial internal pressure and
resulting hoop stresses in composite tubular test specimens. This new standard is based on sound,
theoretical analysis of the stresses developed in tubes subjected to internal pressure over a finite length
inside a semi-infinitely long tube *-'* The new standard uses theory as well as subsequent empirical tests
applied to various materials and geometries. This test method (a.k.a., overhung tube method) is for
material development, material comparison, material screening, material down selecting and quality
assurance.

ASTM STANDARD TEST METHOD

A working group within ASTM Subcommittee C28.07 on CMC tube testing developed the new
standard'': C1819 “Standard Test Method for Hoop Tensile Strength of Continuous Fiber-Reinforced
Advanced Ceramic Composite Tubular Test Specimens at Ambient Temperature Using Elastomeric
Inserts” over a two year period with final approval by balloting received in 2015. This new standard is
discussed in the following sections. The working group is also preparing a second draft, “Standard Test
Method for Hoop Tensile Behavior of Continuous Fiber-Reinforced Advanced Ceramic Composite
Tubular Test Specimens at Ambient Temperature Using Internal Pressurization” that will be the subject
of a future publication.

Ceramic Materials for Energy ApplicationsV - 5
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Material Variability, including Anisotropy, Porosity,

and Surface Condition
Test Specimen Size, Fiber Architecture, and Gage
Section Geometry Effects

Out-Of-Gage Failures and Extraneous Stresses
Slow Crack Growth, Strain Rate Effects, and Test Environment

.

.

+ Accurate Strain/Elongation Measurement
Figure 2 Range of “interferences” in test CMC materials

SCOPE AND APPLICATION

This new standard test method covers the determination of the hoop tensile strength including stress-
strain response of continuous fiber-reinforced advanced ceramic tubes subjected to an internal pressure
produced by the expansion of an elastomeric insert undergoing monotonic uniaxial loading at ambient
temperature. This type of test configuration is sometimes referred to as an overhung tube. This test
method is specific to tube geometries, because flaw populations, fiber architecture and specimen
geometry factors are often distinctly different in composite tubes, as compared to flat plates.

In the test method a composite tube/cylinder with a defined gage section and a known wall thickness
is loaded via internal pressurization from the radial expansion of an elastomeric insert (located midway
inside the tube) that is longitudinally compressed from either end by pushrods. The elastomeric insert
expands under the uniaxial compressive loading of the pushrods and exerts a uniform radial pressure on
the inside of the tube. The resulting hoop stress-strain response of the composite tube is recorded until
failure of the tube. The hoop tensile strength and the hoop fracture strength are determined from the
resulting maximum pressure and the pressure at fracture, respectively. The hoop tensile strains, the hoop
proportional limit stress, and the modulus of elasticity in the hoop direction are determined from the
stress-strain data. Note that hoop tensile strength as used in this test method refers to the tensile strength
in the hoop direction from the induced pressure of a monotonic, uniaxially-loaded elastomeric insert
where monotonic refers to a continuous nonstop test rate without reversals from test initiation to final
fracture.

This test method applies primarily to advanced ceramic matrix composite tubes with continuous
fiber reinforcement: uni-directional (1-D, filament wound and tape lay-up), bidirectional (2-D,
fabric/tape lay-up and weave), and tridirectional (3-D, braid and weave). These types of ceramic matrix
composites can be composed of a wide range of ceramic fibers (oxide, graphite, carbide, nitride, and
other compositions) in a wide range of crystalline and amorphous ceramic matrix compositions (oxide,
carbide, nitride, carbon, graphite, and other compositions).

EXPERIMENTAL FACTORS

CMCs generally exhibit “graceful” failure from a cumulative damage process, unlike monolithic
advanced ceramics that fracture catastrophically from a single dominant flaw. The testing of CMC (both
flats and tubes) has a range of different material and experimental factors that interact and must be
controlled and managed (See Fig. 2). These factors must be managed and understood to produce
consistent, representative failures in the gage section of test specimens. Tubular test specimens with
cylindrical geometries provide particular challenges in the areas of gage section geometry, loading
failures, extraneous “parasitic” stresses (including biaxial and triaxial stresses), and out-of-gage failures.

6 - Ceramic Materials for Energy Applications V
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TEST SPECIMEN GEOMETRIES

Test Specimen Size -- CMC tubes are fabricated in a wide range of geometries and sizes, across a
spectrum of fiber-matrix-architecture combinations. It is not practical to define a single test specimen
geometry that is universally applicable. The selection and definition of a test specimen geometry
depends on the purpose of the testing effort. With that consideration, the test method is generally
applicable to tubes with outer diameters (D,) of 10 to 150 mm and wall thicknesses (t) of 1 to 25 mm,
where the ratio of the outer diameter to wall thickness is commonly D/t =5 to 30. Tube sections used
for test specimens may vary depending on the type of test (e.g., 25 mm to 1000 mm). In many cases,
the wall thickness is defined by the number of plies and fiber-reinforcement architecture of the available
tube geometry, particularly for woven and braided configurations.

Experience has shown that successful tests can be maximized by using consistent ranges of relative
gage section dimensions. Previous studies™'? have shown that pressurized length of the tube, L, and
hence initial length of the insert should be:

L>9/p

and (D

_ 3(1-v%)
B 4(,,lmlw)2t2

is the inner radius of tubular test specimen, ¢is the wall thickness in the gage section of the

tube

where 7,

tube and v is Poisson’s ratio of test material. Deviations from the recommended geometries may be
necessary depending upon the particular composite tube geometry being evaluated.

TEST EQUIPMENT AND PROCEDURES

Test setup, Force and Strain Measurement, Data Acquisition -- The test method can use a standard
load frame with a hydraulic or screw drive loading mechanism and standard force transducers for
controlled axial loading for the elastomer insert test method. Guidance is given regarding type,
composition and properties of the elastomeric insert material. Primary hoop strain measurement can be
measured by strain gages and/or string extensometers in the “gage section.”  If required, an
environmental test chamber may be used to control humidity and ambient temperature. Data collection
should be done with a minimum of 50-Hz response and an accuracy of 0.1 % for all data.

Test Procedure -- Generally, a displacement-based, test mode is used to avoid “run-away” tests that
sometimes occur in force-control tests. Test mode rates are chosen so as to produce test specimen
failures in 5-50 s. Failure within one minute or less should be sufficient to minimize slow-crack growth
(SCQ) effects. If slow crack growth is observed (e.g. under slow test mode rates), subsequent tests can
be accelerated to reduce or eliminate slow crack growth. The test specimen is tested in hoop tension to
fracture. The test specimen is retrieved for failure analysis and post-test dimensional measurement. A
minimum of five valid tests is required for the purposes of estimating a mean. A greater number of tests
may be necessary, if estimates regarding the form of the strength distribution are required. Fractography
is suggested if the failure mode and fracture location are of interest.

Ceramic Materials for Energy ApplicationsV - 7
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Figure 3 Illustration of test setup for insert testing (Ref. 10)

CALCULATION, REPORTING, PRECISION AND BIAS

Calculations -- Using the measured force data along with the measured strain and/or deformation
data as well as the test specimen dimensions, the resulting hoop stress-strain curve for each test specimen
is determined. Calculation of the hoop tensile stress is shown in Fig. 4 under the assumption of linear,
elastic, homogeneous, isotropic material behavior. Note that calculations for the elastomeric insert
method may need to account for friction effects between the insert and the walls of the tubular test
specimen'’. From the stress-stain curve, the following hoop tensile properties are determined: i) ultimate
hoop tensile strength and corresponding strain, ii) fracture hoop tensile strength and corresponding strain,
iii) proportional limit hoop tensile stress and corresponding strain, iv) elastic modulus in the
circumferential direction, v) modulus of toughness.

2

2,
og =P [ﬁ] and g = measured directly
o L

[at outer radius for internal pressure]
where: P = f(Fyyian Ainsert, Elastic Constants, stif fnesses))

Figure 4 Calculation of hoop stress for elastomeric insert
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Reporting -- The test method provides detailed lists of reporting requirements for test identification,
material and test specimen description, equipment and test parameters, and test results (statistical
summary and individual test data).

Precision -- CMCs have probabilistic strength distributions, based on the inherent variability in the
composite: fibers, matrix, porosity, fiber interface coatings, fiber architecture and alignment, anisotropy,
and inherent surface and volume flaws. This variability occurs spatially within and between test
specimens. Data variation also develops from experimental variability in test specimen dimensions,
volume/size effects, extraneous bending stresses, temperature and humidity effects and the accuracy and
precision of transducers and sensors.

CURRENT STATUS AND FUTURE WORK

Now that ASTM Test Method C1819 has been approved, ASTM Committee C28 is planning
interlaboratory testing programs per ASTM Practice E691'? to determine the precision (repeatability and
reproducibility) for a range of ceramic composites, considering different compositions, fiber
architectures, and specimen geometries. A round-robin interlaboratory testing program for hoop tensile
strength will be organized and executed, given available material, funding, and participating laboratories.

CONCLUSIONS

There is a real need for a comprehensive and detailed consensus test standard for hoop tensile
strength testing of CMC tubes. This need is based on the certification and qualification requirements for
CMC tubes in nuclear fission reactors. Test standards for tubes are needed because tests on flat composite
panels are not representative of the architecture and geometry of composite tubes, with their 2-D and 3-
D fiber architectures. The new ASTM standard test method C1819 for hoop tensile testing of CMC
tubes is comprehensive and detailed, providing strong procedural documents using the conventional
ASTM format. This new standard test method is applicable to 1-D, 2-D, and 3-D CMC tubes with
diameters up to 150 mm and wall thicknesses up to 25 mm. The test method addresses the following
experimental issues -- test specimen geometries and preparation, different loading methods, test
equipment, interferences (material, specimen, parasitic stresses, test conditions, etc), testing modes and
procedures, data collection, calculations, reporting requirements, and precision/bias.
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ABSTRACT

This research work studies the microstructure and the properties of glass Al,O3-CaO glass
material after laser irradiation. The AlO3-CaO glass was used as joining material during laser
brazing of SiC/SiC tubes for nuclear applications. The physical properties and corrosion resistance
of the braze material were investigated using secondary electron microscopy and an autoclave test,
while the mechanical properties of the braze were analysed using a four points bending test.

Electron optical observations reveal that at the end of the laser treatment Al,O3-CaO joints had a
compact and homogeneous microstructure with good adhesion to the silicon carbide substrate. The
joined silicon carbide specimens survived autoclave tests and the measured fracture load for the
joints ranged between 80N to 180N.

The experimental results show that glass Al>O3-CaO material is resistant in extreme environmental
condition and therefore is suitable to be used as joining material for laser brazing of silicon carbide.

INTRODUCTION

Sintered ceramics such as silicon carbide (SiC) have very good material properties with
regard to thermal stability!, corrosion resistance?, long-term stability and radiation resistance®*.
Therefore, these materials offer promising advantages for a wide range of applications in the field
of high temperature technology, not least for a range of nuclear applications.

In nuclear power stations, zirconium alloys have been used as fuel cladding material for water-
cooled reactors for over 50 years. However, the recent Fukushima accident underlines the
vulnerability of such alloys under severe accident conditions, when gross oxidation can result in
the generation of large quantities of hydrogen, giving rise to the risk of an explosion. Ceramic SiC-
SiC composite claddings offer significantly improved oxidation resistance and prevent explosions
due to hydrogen gas generated by the reaction of zirconium cladding with steam.>.

High performance ceramics, e.g., SiC, can widely be used in the nuclear sector because of their
excellent thermochemical and radiological properties. Westinghouse, for instance, has developed
a ceramic SiC-SiC composite cladding that consists in a monolithic SiC tube wound with SiC
fibers tows that are infiltrated with SiC deposited through chemical vapor infiltration (CVI)°.
However, it has not been possible to utilise this great potential since a technology for high
temperature resistant joining of these ceramic materials has not yet adequately been developed®.

Diverse technologies have been developed to join ceramics’, although a joint that has application
in the nuclear industry has not been identified.

Laser brazing of ceramics is a promising techniques for joining of silicon carbide. The use of laser
radiation has several advantages:
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1) Versatility — the bonding process can be carried out on pieces of different shapes and
dimensions.

2) Reduction of time — the use of laser radiation reduces the manufacturing time of the joining
process to only 5 minutes, with significant potential for further reductions, making the
process cost effective.

3) Industrially competitive - A laser device tool can be easily introduced in the production
line. Consequently implementing this technology on industrial scale does not require
consistent modification of existing production plants.

4) Act locally - the use of laser radiation develops localised temperature gradients.
Consequently the joining process affects just a restricted area of the silicon carbide,
avoiding unnecessary heating of the remaining part of the material. In this way the original
material can preserve its initial properties.

In order to employ laser brazing of silicon carbides in large scale manufacturing of nuclear fuel, it
is necessary to develop a braze that is able to survive under radiation and in the extreme
environmental conditions of a nuclear reactor. In this research work the Al,O3-CaO glass was used
as joining material during laser brazing of SiC/SiC tubes for nuclear applications. The paper
presents the microstructure and the properties of glass AloO3-CaO material after laser irradiation.

EXPERIMENTAL PROCEDURE

Silicon carbide specimens (Hexoloy SA, Saint Gobain Niagara Falls) produced by
pressureless sintering submicron silicon carbide powder were joined together using laser radiation
and a filler material. The joined specimens had the shape of disks, tubes and bars.

The filler material was prepared blending a powder mixture containing Al,Os and CaO for 24
hours. The specimens were joined using laser irradiation. A laser-supported radiation pyrometer
(LumaSense Technologies GmbH) was employed to measure the surface temperature of the silicon
carbide during laser irradiation. The temperature profiles were measured using the InfraWin
5.0.1.41.C software.

An autoclave test exposed three specimens of joined silicon carbide disks in water at 500 °C,
25 MPa pressure and the flow rate of 1 m/s with oxygen content of 25 ppm for seven days. The
autoclave test conditions are the same conditions employed to test multilayered ceramics
composite cladding for commercial water reactors in the final technical report for phase 2 SBIR
project work carried out by Gamma Engineering Corporation.

The samples were dried in air. After drying an electrical microbalance was utilized to measure the
weight of the silicon carbide specimens at the end of the autoclave test.

Four point bending tests measured at room temperature the strength of the joints using a universal
testing machine Instron 3344. The specimens had a width of 5 mm, a length of 42 mm and a
thickness of 6 mm. For the test fixture the spacing between the two supporting pins was 20 mm.
The seam was centered below the two loading pins (spacing between pins: 10 mm) and loaded at
arate of 0.5 mm/min. The test series comprised 12 test specimens.

Cross sections of the joints were embedded in resin and ground/polished through successive grades
followed by finishing to 1 um diamond. Confocal laser scanning microscope (OLS4100, LEXT)
and scanning electron microscope (FEG-SEM JEOL 6300, Tokyo, Japan) imaged the morphology
of the joints before and after the autoclave test and after four points bending tests.
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RESULTS AND DISCUSSION
Brazing of SiC

SiC-SiC bonds are created through the use of laser radiation with a process that is called
ceramic brazing. A layer of joining material is placed between silicon carbide-silicon carbide
pieces; subsequently the laser beam scans the seam bonding the two pieces together.

Figure 1 shows SiC disks and silicon carbide tube and lid brazed together using laser radiation.
The joining technique joined together SiC specimens having different shapes and dimensions.
Figure 2 reveals a confocal laser scanning microscope image of the cross sections of the joint.

The image reveals that the CA has a good adhesion to the SiC substrate. The microstructure of the
braze is uniform and compact without porosity. The thickness of the joint was about 200 pm.

Figure 1. Braze SiC specimens: (A) tube and lid; (B) disks.

Figure 2 Cross section of the joint imaged using a confocal laser scanning microscope.
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Four points bending tests

Four point bending tests revealed that the strength of the joints depended on the laser
manufacturing process. The fracture load of the sample ranged from 80N to 180N. Figure 3 shows
the morphology of the fractured surface after the four point bending test. The presence of areas
free of glass indicates that the joints break mainly at the glass- silicon carbide interface. All the
fractured surfaces presented similar morphology at the end of the four point bending test.

Figure 3. Confocal laser scanning microscope images of the morphology of the fractured joint after
four point bending test: (A) right side; (B) left side.
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Figure 4. Dependence of fracture load to joining temperature and time: (A) Fracture Load vs.
temperature; (B) Fracture Load vs. time.

The diagrams in Figure 4 show that the strength of the joints is strictly dependent on the laser

processing parameters. Joints irradiated for longer time and generated at high temperature had
higher strength.
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Autoclave Tests

SiC disks joined using the braze CA survived the autoclave tests. Figure 5 shows that the
images of the cross sections of the joints before and after the autoclave test. The images show that
after the autoclave test there is a lack of porosity in the joint microstructure, which is uniform and
compact. The joints are also firmly attached to the silicon carbide disks. The specimens had
negligible levels of weight loss. These results were confirmed at higher magnification by
secondary electron and backscattered electron images of the cross section of the joint after
autoclave test shown in Figure 6.

Figure 5. Confocal laser scanning microscope image of the cross section of the joint: (A) before
autoclave test; (B) after autoclave test carried out at 500 °C, at a pressure of 25 MPa and at flow
rate of a 1 m/s with oxygen content of 25 ppm for seven days.

CONCLUSIONS

Joints of Al,O3-CaO glass produced through laser brazing have a uniform and compact
microstructure with good adhesion to the silicon carbide substrate. The joint maintains good
properties after autoclave test. Therefore the glass AlO3-CaO material is suitable to be used as
joining material for laser brazing of silicon carbide.
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Figure 6. Secondary electron and backscattered electron images of the cross section of the joint
after autoclave test carried out at 500 °C, at a pressure of 25 MPa and at flow rate of 1 m/s with
oxygen content of 25 ppm for seven days; a) secondary electron (SEM) image; b) backscattered
electron (BSE) image.
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ABSTRACT

A primary concern in the development of accelerator-driven systems (ADS) with liquid lead-
bismuth eutectic (LBE) spallation target and Gen-1V lead-cooled fast reactors (LFRs) is the
compatibility of the candidate structural steels with the heavy liquid metal (HLM) coolant. In the
accelerator-driven system MYRRHA, the envisaged primary coolant is liquid LBE, a potentially
corrosive environment for various nuclear grade steels. The inherent LBE corrosiveness is the
driving force behind diverse research incentives aiming at the development of corrosion-resistant
materials for specific applications. Due to their superb corrosion resistance in contact with liquid
LBE, MAX phases are currently being assessed as candidate materials for the construction of
pump impellers suitable for MYRRHA and Gen-IV LERs. In the case of the MYRRHA nuclear
system, the pump impeller will be called to operate reliably at ~270°C in contact with
moderately-oxygenated (concentration of dissolved oxygen: [O] > 7x107 mass%), fast-flowing
LBE (LBE flow velocity: v ~ 10-20 m/s locally on the impeller surface). Selected MAX phases
are currently being screened with respect to their capability of meeting the targeted material
property requirements, especially the enhanced erosion resistance requested by this particular
application. This work gives a state-of-the-art overview of the processing and characterisation of
selected MAX phases that are screened as candidate structural materials for the MYRRHA pump
impeller. All considered MAX phases were produced via a powder metallurgical route and their
performance was assessed by various mechanical tests in air/vacuum and corrosion/erosion tests
in liquid LBE.

INTRODUCTION

The development and reliable operation of heavy liquid metal-cooled nuclear reactors rely
greatly on the compatibility of the structural and cladding steels with the primary HLM coolant
of these nuclear reactor systems. In the case of the MYRRHA nuclear system, the envisaged
primary HLM coolant is the liquid LBE, a potentially corrosive environment for nuclear grade
steels, such as the 316L and DIN 1.4970 austenitic stainless steels that are currently considered
as the MYRRHA candidate structural and cladding steels, respectively. An undesirable LMC
effect that might manifest itself when such steels come into direct contact with liquid LBE is
dissolution corrosion. Dissolution corrosion is typically manifested by the loss of the highly-
soluble-in-LBE steel alloying elements, such as Ni, Mn and Cr, and the progressive penetration
of LBE into the base steel. This results in the gradual thinning of the steel component and the
compromise of its mechanical integrity, which is a great concern for thin-walled components
(e.g. cladding or heat exchanger tubes). Moreover, the transfer of the highly-soluble austenite
stabilizers Ni and Mn into the liquid LBE results in the ferritization of the dissolution-affected
zone and an associated change in the steel mechanical properties during service in the LBE
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environment. Dissolution corrosion is promoted at high temperatures and/or when the amount of
dissolved oxygen in the liquid LBE is low, whereby the formation of a protective oxide scale on
the steel surface is either suppressed or significantly decelerated. Therefore, the currently-
envisaged LMC mitigation approaches in MYRRHA involve moderate operating temperatures
and active oxygen control, i.e. maintaining the concentration of dissolved oxygen in the LBE
coolant within a certain range that ensures the formation of a protective oxide on the steel
component surfaces while preventing the oxidation of the LBE itself. Since the operation of
nuclear reactors cannot exclude the occurrence of high-temperature accidental transients or even
the temporary loss of active oxygen control, it would be very desirable to (eventually) have the
opportunity to use materials without the intrinsic susceptibility of most nuclear steels towards
dissolution corrosion. Mn+1AX, (MAX) phases is a family of materials that possesses a range of
very appealing properties, one of which appears to be their inherent resilience to undesirable
LMC effects such as dissolution corrosion. In order to explore the great potential of MAX phases
for novel nuclear systems, emerging research initiatives revolve around investigating the possible
use of these materials for specific applications, such as the pump impeller for MYRRHA and
Gen-IV LFRs. The current MYRRHA design foresees the following nominal service conditions
for the pump impeller: T = 270°C, [O] > 7x107 mass% (lowest recommendable LBE oxygen
concentration) and v ~ 10-20 m/s locally on the impeller surface. The expected fast neutron
irradiation dose on the pump impeller is very low (<1 dpa), due to the fact that the impeller is
situated close to the reactor bottom and at a distance of 3.3 m from the centre of the reactor core
in the current reactor design, so the anticipated activation of this component is limited during the
impeller lifetime. In terms of neutron activation, Hoffman et al.! have already demonstrated that
the neutron activation of commercially-available materials TizSiCs, TisAlC> and Ti>AIC was
similar to SiC and three orders of magnitude lower than Alloy 617, two leading candidate
materials for use in next generation reactor components. Moreover, Tallman et al.> reported on
the effects of neutron irradiation up to 0.1 dpa on polycrystalline TizAlC,, Ti>AIC, Ti3SiC, and
Ti>AIN. Interestingly, these authors observed a MAX phase-specific irradiation tolerance, which
varied between the enhanced dissociation of Ti3AlC; into TiC, the lesser dissociation of Ti3SiC
and Ti>AIN into TiC and TiN, respectively, and the remarkable stability of Ti»AlC. The authors
were not able to fully understand the response of these select MAX phases to neutron irradiation,
thus emphasising the need for an in-depth study of irradiation-induced defects as well as for data
acquired at higher irradiation doses.

In order to use MAX phases as structural materials for specific components, such as the
MYRRHA pump impeller, the material mechanical properties are very important; apart from a
satisfactory erosion resistance, specific design-related requirements for both flexural strength and
fracture toughness must also be met in the foreseen service conditions (e.g. ambient temperature,
LBE environment). Different mechanical properties of various MAX phases have already been
determined at room temperature in air or inert atmosphere’. However, limited information is
available on the high-temperature mechanical properties of these ceramics and, in particular, on
the effect of the HLM environment on the high-temperature mechanical properties of interest.
Since Hu et al.* reported that NbsAlCs exhibits an exceptional temperature stability, maintaining
its strength up to 1400°C, this promising MAX phase was produced by spark plasma sintering
(SPS) in this work. The mechanical performance of the produced NbsAlCs was compared with
that of the widely-known, commercially-available MAXTHAL 211® (nominally Ti>AIC) and
MAXTHAL 312® (nominally Ti3SiC,) materials produced by Sandvik, Sweden.

SPS was also chosen to produce the other MAX phases addressed in this work (i.e. Ti»AIC,
TizAlC,, (Ti,Nb)>AIC, Nb>AIC, NbsAIC; and Ti>SnC). SPS is a rapid sintering technique that
allows the in-situ formation and densification of the targeted MAX phase. During SPS, a direct
current is pulsed through the punch/die system and, if conductive, through the powder compact.
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Due to the electrical resistivity of the punch/die/powder system, heat is generated due to the
Joule effect. This selective heating mechanism facilitates a high heating rate, fast densification
and high cooling rate, resulting in short sintering cycles and limiting the grain growth of the
synthesised product’. Production by SPS has already been reported in literature for various MAX
phases, e.g. Ti3SiCs, Ti2AIC, TisAlC: and NbsAICs®7. Recently, Ti>SnC, which was previously
synthesised by reactive hot pressing®, has also been added to this list’. An in-depth analysis of
the synthesis process of Ti>SnC by SPS is also presented in this work.

EXPERIMENTAL

Production of MAX Phases by SPS

Elemental powders (Table I) were mixed in the stoichiometric ratio of the target MAX phase
with a slight excess of the A-element (Al or Sn) due to the elemental loss accompanying melting.
Dry powder mixing for 24 h in a polypropylene jar was done using a Turbula multidirectional
mixer.

Table I: Elemental starting powders used for MAX phase synthesis.

Elemental powder Supplier Particle size (pm) Purity (%)
Al AEE <5 >99
C Asbury <5 >99
Nb CBMM <40 >98
Sn AEE <5 >99
Ti Chemetall <8 >99

The powder mixture was transferred in a graphite die and uniaxially cold-pressed at 30 MPa.
The green powder compact dimensions were: & 30 mm, height ~5 mm. The heating rate was
initially 100°C/min but decreased to 50°C/min close to the final sintering temperature, which
was imposed by the target MAX phase and varied in the 1300-1650°C range. At the final
sintering temperature, the pressure increased from 5 MPa to 50 MPa, where it was held for a
dwell time of 5 min.

The reaction sequence that occurs during MAX phase processing can be quite complex and
must be understood, so as to assess whether a particular sintering cycle will yield a single-phase
MAX ceramic or a (specific) phase mixture. In this work, the sintering process of Ti»SnC will be
used as a test case, so as to show the complexity of the reaction sequence that may characterize
MAX phase processing. In order to follow closely the reaction sequence, the Ti>SnC sintering
cycle was interrupted at 500, 700, 900, 950 and 1100°C and the produced materials were
characterized. The final sintering temperature varied in the 1200-1400°C range and was set at
intervals of 50°C; an additional specimen was sintered at 1325°C. The total sintering cycle took
less than 30 min. The temperature in the SPS facility (FCT-Systeme, HP D 25, Frankenblick,
Germany) was controlled by an optical pyrometer for temperatures higher than 400°C. Sintering
was performed under vacuum (~100 Pa) and the displacement of the upper piston was constantly
monitored. More information on the employed die/punch setup is provided elsewhere!?.

Density, Microstructure and Mechanical Properties of MAX Phases

The Archimedes principle was used to determine the density of the sintered ceramics. The
phase assembly of the cross-sectioned discs was determined by X-ray diffraction (XRD), using a
diffractometer (Seifert 3003 diffractometer) equipped with a Cu K radiation source (operating
conditions: 40 kV, 40 mA). The XRD patterns were measured in the 10-60° 268 range with a step
size of 0.02° at 2 sec per step. The microstructural evolution during sintering was studied on
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metallographically-polished material cross-sections by means of a scanning electron microscope
(SEM, JEOL, JSM-6610LV) equipped with an energy dispersive X-ray spectrometer (EDS,
Bruker, Quantax EDS).

Dense MAXTHAL 211% (primarily Tin+1AlC,) and MAXTHAL 312® (primarily TizSiCs)
ceramics were provided by Sandvik, Sweden. These commercially-available materials were
compared to NbsAICs produced by SPS. The phase composition was determined by XRD and
was quantified by Rietveld refinement using the TOPAS Academic software. Flexural strength
and fracture toughness were determined using rectangular bars (4X3%x45 mm3) that were first
shaped by electrical discharge machining (EDM) and subsequently ground to their final
dimensions. Flexural strength was determined by 4-point bending in accordance with ASTM
standard C1161-13"!, while fracture toughness was determined by the single edge V-notch beam
(SEVNB) technique (notch depth: 1 mm, notch tip radius: 20 pm). The impulse excitation
technique (IET, IMCE, Belgium) was used to determine the room-temperature dynamic elastic
properties, according to ASTM standard C1259-08'2. The temperature dependence of the
Young’s modulus was assessed by means of a dedicated IET set-up (IMCE HTVP 1750, IMCE,
Belgium) equipped with automated impulse excitation and vibration detection devices. This
measurement was performed in vacuum, at a heating rate of 5°C/min up to 1400°C (maximum
allowable T).

Liquid Metal Corrosion Testing of MAX Phases

The liquid metal corrosion (LMC) resistance of various MAX phases was assessed by means
of a simultaneous screening exposure of selected MAX phases to static LBE. The exposed MAX
phase materials included: (i) MAXTHAL 211® and MAXTHAL 312® provided by Sandvik,
Sweden, and (ii) experimental grades of Ti>AlC, TizAlC,, (Nb,Ti)>AIC, Nb>AIC and NbsAlC;
produced in the lab by SPS. A metallographically-polished cross-section of these materials was
studied by SEM/EDS prior to testing, so as to have an idea of the microstructure of the non-
exposed materials. After the SEM/EDS investigation, the specimens were fastened with Mo
wires on graphite plates with their polished side facing the LBE bath (~5 kg of LBE); both Mo
and graphite were chosen to suspend the specimens in the bath due to their low solubility in
liquid LBE. The LMC test was performed in a stainless steel capsule with an alumina (Al>Os)
inner liner, which prevented the direct contact of the steel container walls with the LBE bath,
thus preventing its contamination with highly-soluble-in-LBE steel alloying elements that would
have definitely occurred under the aggressive exposure conditions. The temperature and oxygen
concentration during the test were monitored with a thermocouple (type K) and an
electrochemical oxygen sensor (Bi/Bi>Os reference electrode). The MAX materials were exposed
for 3501 h at 500°C to static LBE with a very low concentration of dissolved oxygen ([O] <
2.2x1071% mass%). The exposure conditions were chosen deliberately in order to evaluate the
resistance of MAX phases to dissolution corrosion.

Erosion Testing of MAX Phases

The CORELLA (Corrosion Erosion Test Facility for Liquid Lead Alloy) test facility at KIT,
Germany, has been recently refurbished to achieve the targeted HLM flow velocities and will be
systematically used to assess the erosion resistance of selected MAX phases in contact with fast-
flowing LBE. The CORELLA facility, which is presented in Figure 1, is able to achieve rotation
speeds >1000 rpm and average HLM (Pb/LBE) flow velocities v > 10 m/s'*!*. The HLM
temperature, the oxygen partial pressure of the conditioning gas phase and the respective oxygen
content in the HLM are controlled and monitored. Measurement of the local flow velocities at
the specimen location cannot be performed, but visual inspection of the flowing HLM suggests a
highly turbulent flow field in the specimen vicinity. Typical specimen dimensions are 60x15x1.5
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mm?; the specimens are fixed in the test tank using a tailor-made holding plate. The adequate
performance of the refurbished CORELLA facility for erosion testing in liquid lead alloys was
demonstrated earlier by testing simultaneously MAXTHAL 312® together with other materials,
such as surface-modified T91 ferritic/martensitic (f/m) steel using the GESA treatment!® prior to
testing. The exact exposure conditions during this test in liquid Pb were: 480°C, 100 h, v = 10
m/s and [O] < 10” mass%'3. As may be seen in Figure 2, the observed erosion damages on both
materials were very limited, probably also due to the short test duration.
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Figure 1. (A) Schematic representation of the CORELLA facility, which comprises two tanks:
the HLM conditioning tank (right) and the testing tank (left). The test specimens are fixed on a
holding plate that is attached to the rotating axis, the speed of which is measured and controlled
during testing. Temperature and concentration of dissolved oxygen in the HLM are monitored by
means of a thermocouple and an electrochemical oxygen sensor, respectively. The HLM oxygen
concentration is controlled by bringing the HLM in equilibrium with the appropriate (oxidizing
or reducing) conditioning gas phase. (B) Picture of the CORELLA facility.

Figure 2. Light optical microscopy pictures of materials tested during the refurbished CORELLA
performance qualification test (i.e. liquid Pb, 100 h, 480°C, [O] < 10” mass%, v = 10 m/s). (A)
MAXTHAL 312®: specimen side facing the Pb flow. The erosion assessment was challenging,
due to the non-perfectly flat surface of the pristine specimen. Erosion damages — if any — were
limited. (B) T91 f/m steel surface-modified with the GESA treatment: specimen side facing the
Pb flow. Erosion damages were only observed on the small specimen facets (arrows) that have
not been subjected to the surface modification treatment.

After the successful qualification test of the refurbished CORELLA facility, two tests were
performed in liquid LBE; these tests targeted the MYRRHA pump impeller service conditions,
i.e. ~270°C, v > 10 m/s, [O] > 7x1077 mass% and tried to compare the erosion resistance of the
commercially-available MAXTHAL 211® and MAXTHAL 312® materials with that of other
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candidate structural materials, such as the 316L austenitic stainless steel. The actual test
conditions were: (i) 500 h, 300°C, [O] < 10 mass%, v ~ 8 m/s in the 1% test, (ii) 500 h, 300°C,
[O] =10 — 107 mass%, v ~ 8 m/s in the 2™ test. At the end of the 1% test, the specimens were
first visually examined and then surface profilometry measurements were done on representative
specimen areas by means of white light interferometry. After the assessment of erosion damages,
the specimens were re-introduced in the CORELLA facility and the 2™ test was performed.

RESULTS AND DISCUSSION

Production of MAX Phases by SPS

The reaction sequence during Ti>SnC synthesis could be reconstructed based on the evolution
of the monitored parameters (i.e. temperature and upper piston displacement) during sintering
(Figure 4), the XRD patterns (Figures 3 and 5) and the SEM/EDS analysis results (Figure 6) of
the produced ceramics. It was found that the first intermetallic phase that formed at 500°C was
Ti>Sns, while increasing the sintering temperature resulted in the formation of TisSns and TisSns
(Figure 3). According to the Ti-Sn equilibrium phase diagram'®, this phase evolution shows the
formation of intermetallics with progressively higher Ti-content.
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Figure 3. XRD patterns of the ceramics produced by the interrupted Ti>SnC sintering cycles at
500, 700, 950 and 1200°C. a:: TioSnC, B: TisSns, v: Sn, &: TiC, &: C, {: TiaSns, n: TiegSns, 6: Ti.

Based on the above, the following reaction steps can be suggested:

At 230°C: Sn(s) — Sn(l) @)
At 500°C: 2Ti(s) +3Sn(l) - Ti>Sns(s) ?2)
At 600°C: 8Ti(s) + 5Ti>Sn3(s) — 3TieSns(s) 3)
At 800°C: 3TisSns(s) + 7Ti(s) — 5TisSns(s) 4
At 950°C: Ti(s) +xC(s) — TiCx(s) %)
At 1100°C: (3-x)C(s) + TiCx(s) + TisSn3(s) — 3Ti2SnC(s) (6)
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In general, four main steps can be considered for the production of MoAX phases: (1) melting
of the A-element (T(Sn) = 230°C and Tw(Al) = 660°C, where Ty, is the A-element melting
point), (2) formation of M-A intermetallics, (3) formation of MXx and (4) synthesis of M>AX.
For My+1AX,y with n > 1, an additional reaction between MXx and MbAX produces the targeted
MAX phase, e.g. NbsAlCs:

2NbC(s) + Nb2AIC(s) — NbsAICs(s) 7

The four-step synthesis of Ti»SnC can be also observed in the evolution of the piston
displacement curve of Figure 4. At 230°C, the melting of Sn induces a first shrinkage to the
powder compact. Although the pyrometer only starts measuring at 400°C, a part of the shrinkage
is still captured due to the high initial heating rate. The expansion after the formation of the
Ti>Sn3 intermetallic can be attributed to the lower density of the later-forming intermetallics
TisSns and TisSns. No noticeable piston displacement is found during the formation of TiCy
around 950°C. Finally, the small shrinkage at higher temperatures (>1000°C) can be attributed to
the formation of Ti>SnC and the completion of the solid-state sintering of the powder compact.
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Figure 4. Temperature and shrinkage evolution as a function of time for the Ti»SnC sintering
cycle at 1400°C. Regions (1)—(4) can be correlated to the reaction sequence during sintering.

The XRD patterns in Figure 5 show the effect of the final sintering temperature, while the
SEM micrographs of Figure 6 facilitate the further investigation of the reaction path. Four main
phases are identified in the 1200-1400°C range: Ti>SnC, TisSn3, Sn and TiCx. With increasing
temperature, the peak intensities of TisSn3 decrease and the presence of Ti»SnC becomes more
pronounced. This is in good agreement with reaction (6). This evolution is further supported by
Figure 6, which shows a strong reduction in the amount of the bright, Sn-rich TisSn3 phase as the
sintering temperature increases from 1200°C (Figure 6A) to 1400°C (Figure 6D).

At 1325°C, no more TisSn3 is observed in the XRD pattern, but Sn peaks appear (Figure 5).
The microstructure at 1325°C is shown in Figure 6C: it mainly consists of micrometer-sized
Ti>SnC grains (grey matrix phase) with Sn (bright phase) and TiCy (dark phase) at the grain
boundaries. This phase mixture indicates the onset of the dissociation of Ti2SnC, according to the
following reaction'”:
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Ti2SnC(s) — 2TiCos(s) + Sn(l) ®)

The optimal density was achieved at 1325°C, with a value of 6.28 g/cm?® or 98.7% of the
theoretical density (= 6.36 g/cm?®)!7, assuming the material consists of pure Ti»SnC. However, a
minimum amount (<3 wt%) of TiCx is found at 1325°C. At lower temperatures, the secondary
TiCx carbides cluster together around C-rich areas, providing nucleation sites for the Ti>SnC
grains. These observations are in good agreement with the suggested reaction sequence for
Ti>SnC. Similar processes have been observed during the production of other MAX phases,
whereby a MXj-rich region facilitates the nucleation of MAX grains, consuming the A-rich
intermetallic regions. The final product often consists of elongated MAX phase grains,
sometimes separated by a thin A-rich layer.

At temperatures above 1325°C, the amount of TiCx increases again as a result of the
decomposition of Ti>SnC, as shown by the dark phase in Figure 6D. For other MAX phases, an
increase in the synthesis temperature does not result in degradation but in transformation into a
Mn+1AX, phase with a higher n stoichiometry, as observed with TiAIC and NbAIC that
transform into TizAlC; and NbsAIGCs, respectively. However, in the case of Ti>SnC, TizSnC: did
not form.
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Figure 5. XRD patterns of the Ti>SnC ceramics sintered at a final sintering temperature in the
1200-1400°C range under a pressure of 50 MPa. a.: TiSnC, B: TisSns, y: Sn, &: TiC.
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Figure 6. Backscattered electron (BSE) detector images of cross-sectioned Ti>SnC ceramics
sintered at (A) 1200°C, (B) 1300°C, (C) 1325°C and (D) 1400°C. The brightest areas are Sn-
rich.

Mechanical Properties of MAX Phases

A comparative summary of the properties of MAXTHAL 211®, MAXTHAL 312® and
NbsAlC; is presented in Table II. MAXTHAL 211® is a mixture of Ti2AlC and TizAlC; with a
small amount (7 wt%) of TiAls, MAXTHAL 312® mainly consists of TizSiC> with a small
amount (10 wt%) of TiC, while a small amount of Al>O; (2 wt%) is present in NbsAlC;. The
microstructure of these three ceramics is shown in Figures 7A-7C. As may be seen, the location
of the secondary phases differs in the three materials: in MAXTHAL 211®, TiAl; forms
intergranularly between the elongated MAX grains, as a result of the synthesis process explained
in the previous section. In MAXTHAL 312® and NbAlCs, TiC and AlbOs are randomly
distributed in the material. The Al,O3 particles (black specs in Figure 7C), in particular, are
observed within the NbsAlCs grains, indicating that they were present prior to the formation of
NbsAlGs.

The fracture surfaces of the three ceramics are shown in Figures 7D-7F. Remarkably, there is
a significant grain size difference between the two commercially-available MAX phases (50-100
um for MAXTHAL 211%; 5-10 um for MAXTHAL 312®). Such microstructural differences are
directly reflected in the mechanical properties (i.e. flexural strength and fracture toughness) of
the MAX phase-based materials (Figure 8). The Hall-Petch relationship, which is applicable to
MAX phases'®, partially explains the higher flexural strength of MAXTHAL 312® as compared
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to MAXTHAL 211®. Obviously, other factors may also affect the flexural strength, e.g. porosity,
intrinsic strength of each phase and phase purity. A combination of the latter two is presumably
responsible for the higher strength of NbsAlC; as compared to MAXTHAL 312%.

Table II: Comparison of the properties of MAXTHAL 211®, MAXTHAL 312® and NbsAICs.

Property MAXTHAL 211® MAXTHAL 312® NbsAIC3
Phase composition (wt%) 55 T AIC + 90 TizSiC; + 98 NbAIC; +
38 TizAlC, + 7 TiAls 10 TiC 2 AlLO3
p (g/lemd) 4.02 (98% pw) 4.42 (98% pwn) 6.89 (99% pwm)
Grain size (pum) 50-100 5-10 10-20
E (GPa) 265 +4 325+5 340 £5
G (GPa) 112+2 1373 137 +2
v 0.17 0.19 0.23
T (°C) where E/Err =0.75 (*) +1250 +1300 > 1400
Hy 3k (GPa) 32105 38104 37103
O4pt (MPa) 21012 404 +44 573 £39
Kic (MPa-m'?) 621%0.2 48%0.2 6.6 £0.1

(*) Measurement done in vacuum

e SN

Flge 7. BSE detector images of polished cross-sections of (
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Figure 8. Comparison of the flexural strength (A) and fracture toughness (B) of MAXTHAL
211®, MAXTHAL 312® and NbsAICs. The stars indicate the average grain size of the different
MAX phase materials. The error bars show the standard deviation of all properties.

With respect to the fracture toughness of MAX phases, an increase in grain size is usually
associated with a higher fracture toughness. This observation was made by Hu et al.'® for V,AIC
and was confirmed for other MAX phases. The larger grains in MAXTHAL 211® can thus
justify the higher fracture toughness of this material as compared to MAXTHAL 312®. The
phase purity and intrinsic properties of NbsAlCs might account for its high fracture toughness.

£
w
L 07 = MAXTHAL 312°
1 A MAXTHAL 211°
064 L ] Nb"AK:3
0.5 i

T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Figure 9. The normalized Young’s modulus (E/Err) as function of temperature measured by IET.
The vertical lines indicate the temperature where E/Ert = 0.75. Since the E/Err of NbsAICs has
not been reduced to 0.75 at 1400°C, the superior thermal stability of this MAX phase is obvious.

The temperature dependence of the normalized Young’s modulus (E/Err) for the three MAX
phase-based materials is shown in Figure 9. The decrease in Young's modulus as a function of
the ambient temperature is clearly indicative of the material thermal stability. In this respect, the
superiority of NbsAlCs is shown by the fact that the Young's modulus decreases linearly up to
1400°C, in agreement with the observations of Hu et al.*. For the commercially-available
materials, MAXTHAL 312® exhibits a higher temperature stability than MAXTHAL 211®, since
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the decrease in their Young’s modulus deviates from linearity around 1250°C and 1200°C,
respectively. Differences in thermal stability are associated with the intrinsic thermal stability of
the constituent phases; therefore, TizSiC, appears to be a better candidate for high-temperature
structural applications than Ti>AlC.

;

Figure 10. BSE detector images of polished cross-sections of the non-exposed MAX materials
(A) MAXTHAL 211%, (C) MAXTHAL 312® and (E) NbsAlICs. BSE images of the same MAX
material cross-sections after exposure for 3501 h at 500°C to poorly-oxygenated ([O] <2.2x1071
mass?o) static LBE: (B) MAXTHAL 211%, (D) MAXTHAL 312® and (F) NbsAICs.

Liquid Metal Corrosion Testing of MAX Phases

All MAX phase-based materials demonstrated a superb LMC resistance in contact with static
LBE, despite the very aggressive exposure conditions (3501 h, 500°C, [O] < 2.2x10°'° mass%)).
The SEM micrographs in Figure 10 illustrate the lack of interaction between liquid LBE and
three of the exposed MAX materials, i.e. MAXTHAL 211® (Figure 10B), MAXTHAL 312®
(Figure 10D) and NbsAlCs (Figure 10F). The same figure also presents SEM micrographs of the
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pristine microstructure of the three MAX materials MAXTHAL 211® (Figure 10A), MAXTHAL
312® (Figure 10C) and NbsAlIC; (Figure 10E); no changes in the material microstructure were
observed after the exposure to liquid LBE. Heinzel et al.?® has previously reported the
satisfactory LMC resistance of TizSiC, after an exposure of 3000 h at 550°C to moderately-
oxygenated ([O] = 10" — 10" mass%) static LBE. In the work by Heinzel et al.?’, a thin (< 1 pm)
TiO, (rutile type) was observed on the surface of the exposed material, allowing one to attribute
the LMC resistance of Ti3SiC, to the formation of a protective oxide. However, the very low
oxygen concentration ([O] < 2.2x107'° mass%) that was maintained in the LBE bath during the
test reported in this work has effectively suppressed the formation of a similar oxide, thus
pointing out the inherent chemical stability of all exposed MAX phases in liquid LBE. The
undoubted LMC resistance of MAX phases in lead alloys (Pb/LBE) at high temperatures and
very low concentrations of dissolved oxygen makes these materials very promising candidate
materials for use in MYRRHA and Gen-IV LFRs, as they have the potential to sustain high-
temperature accidental transients accompanied by loss of active oxygen control.

Erosion Testing of MAX Phases

At this stage, only the erosion damages from the 1% test in the CORELLA facility have so far
been assessed. Visual inspection of the tested MAX specimens concluded that their surface was
quite clean with almost no adhering LBE residues, a further confirmation of the limited chemical
interaction between MAX phases and liquid LBE. Only one spot on the MAXTHAL 211®
specimen showed signs of erosion damages: the surface profile of the damaged area (Figure 11B)
is compared to that obtained from the pristine specimen (Figure 11A). Figures 11C and 11D
show the surface profiles of the MAXTHAL 312® specimen before and after testing,
respectively. One may clearly see that MAXTHAL 211® has suffered a non-negligible material
loss at this specific location in contrast to MAXTHAL 312®, which appears unaffected. The
eroded spot on the MAXTHAL 211® specimen was found on the surface facing the impacting
LBE flow, which is the facet typically exhibiting erosion damages in a wide variety of materials.
The more severe erosion damages observed on MAXTHAL 211® might be associated with the
inferior phase purity of this material in comparison to MAXTHAL 312®, since different material
constituent phases are characterised by distinctly different properties (hardness, stiffness) and
their interfaces might constitute weak material areas enabling the mechanical removal of sizeable
grain aggregates by the LBE flow.
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Figure 11: Surface profilometry on test specimens before and after the 1% erosion test. (A)
Pristine and (B) exposed MAXTHAL 211® specimen, with LBE residues, at the location of
enhanced erosion damage. (C) Pristine and (D) exposed MAXTHAL 312® specimen, with LBE
residues, showing no signs of erosion damage.

CONCLUSIONS

This work provides an overview of ongoing research activities dedicated to the exploration of
the potential of selected MAX phases as candidate structural materials for certain nuclear
applications, such as the pump impeller for the MYRRHA nuclear system. Before concluding
whether a specific MAX phase is suitable for such an application, several steps must be taken: (i)
the processing must be closely-controlled, so as to produce stable phase mixtures that optimize
specific mechanical properties (e.g. strength, fracture toughness, etc.) required by the end (pump
impeller) application, (ii) the produced ceramics must be subjected to rigorous mechanical
testing both in inert and LBE environments, so as to detect possible environment-assisted
degradation effects (e.g. liquid metal embrittlement), (iii) the produced ceramics must be tested
in contact with static liquid LBE in a variety of exposure conditions (i.e. T, [O], time), so as to
understand their LMC behavior, (iv) the produced ceramics must be tested in contact with fast-
flowing liquid LBE in MYRRHA-relevant conditions, so as to assess their erosion resistance; if
the latter is found inadequate, post-processing heat treatments of the machined component in a
judiciously-chosen atmosphere might be adopted, so as to form durable phases on the component
surface that will (presumably) increase the component lifetime in service. Moreover, this work
discusses some of the challenges involved in the processing, mechanical testing, liquid metal
corrosion and erosion testing of selected MAX phases.
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ABSTRACT

SiC/SiC composites have been attracting attention as a high-temperature structural
material because of its stability at high temperatures. Recently, SiC/SiC composites have become
one of the candidates for the nuclear material used in accident tolerant fuel (ATF). In the case of
the incident at the Fukushima Daiichi nuclear power plant, the oxidation of metallic components
in a high-temperature steam induced the generation of hydrogen and caused the explosion of the
reactor building. In order to reduce the probability of hydrogen explosion in the future, SiC/SiC
composites are seriously being considered for their effectiveness and accident tolerant properties,
and Toshiba has started the designing of material compositions for applying the SiC/SiC
composites to the channel box and fuel cladding of light water reactors (LWR). For the material
design of the channel box, Toshiba has showed the effectiveness of a channel box of a laminate
structure that is composed of CVI-SiC/SiC and CVD-SiC with an interface layer.

INTRODUCTION

Fiber-reinforced ceramic matrix composites are some of the most promising candidate
materials for high-temperature structural applications. SiC matrix composites are being
considered for use as a material of gas turbine hot section parts. Namely, using SiC matrix
composites will make it possible to improve the gas turbine efficiency through the reduction of
cooling air. The fabrication processes for SiC matrix composites are typically divided into four
types; chemical vapor infiltration (CVI), precursor impregnation and pyrolysis (PIP), melt
infiltration (MI) and sintering such as hot pressing (HP). The development of low oxygen content
SiC fibers (Hi-Nicalon TypeS, Tyranno SA), which show excellent high-temperature stability,
enables various matrix consolidation processes at high-temperatures. Dense matrices are
preferable in order to protect the fiber and interface layer from severe oxidation environments'.

In the case of the incident at the Fukushima Daiichi nuclear power plant, the oxidation
of metal components in a high-temperature steam induced the generation of heat and hydrogen,
and caused the core meltdown and the explosion in the reactor building. In order to prevent such
a severe accident from occurring again, nuclear power plants in Japan are taking numerous
measures to ensure the strengthening of the defense in depth. In order to enhance the safety, the
application of fiber-reinforced ceramic matrix composites to structural materials is seriously
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being considered for their effectiveness and their accident tolerant properties, because their
chemical and mechanical stability is higher than that of metals at high-temperatures. Recently,
SiC/SiC composites have become one of the candidates for the core material used in accident
tolerant fuel (ATF) 49,

IBIDEN Co., Ltd., The University of Tokyo, Tohoku University, Nuclear Fuel Industries,
Ltd. and Toshiba Corporation started a joint project in 2012 to develop SiC/SiC composites for
accident tolerant core materials that can be used in the current light water reactors, as well as the
next generation light water reactors. Toshiba has started the designing of material compositions
for applying the SiC/SiC composites to the channel box and fuel cladding of light water reactors
(LWR). The material design of the channel box is described and discussed in this paper.

SELECTION OF ACCIDENT TOLERANT CORE MATERIAL

Several studies have already been started on the development of accident tolerant fuel*®.
In regards to metals, Toshiba selected stainless steel as a candidate for the ATF material. The
other metals which can withstand high-temperatures have a disadvantage concerning neutron
absorption. In regards to ceramics, Toshiba selected SiC ceramics due to its greater advantages,
mainly the mechanical and thermal properties at high-temperatures.

Table 1 shows comparisons of the properties between zirconium alloys and the two
selected candidates. Stainless steels are well-researched materials, thus the hurdles for their
practical use are fairly lower than SiC ceramics. Nevertheless, there are still some issues which
include the relatively large neutron absorption cross-section, and the low melting-temperature
compared with zirconium alloys. Stress corrosion cracking (SCC) properties are one of
disadvantage for any stainless steels 4.

Table 1. Comparison of properties for Zirconium alloy and the two selected candidates

Zirconium alloys  Stainless steels SiC ceramics
Melting temperature ca. 2100K ca.1700K ca. 3000K
Phase transformation ca. 1100K ca. 900K ca. 2500K
temperature (atoB) (sensitization) Btoa)
High temperature oxidation High rate Low rate Extremely low rate
Stress corrosion cracking (SCC) No Almost yes No
with water
Thermal neutron absorption 0.18b 2.9b 0.08b
cross section
Stability against irradiation Good Good Good

SiC ceramics show greater advantages compared with zirconium alloy from every
aspect in Table 1, except for manufacturability and mechanical properties’-®. Its small neutron
absorption cross-section and stability at high-temperatures are attractive from the viewpoint of
practical use in ATF material. Therefore, SiC ceramics have high-potential as a material to
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enhance both the economic efficiency and safety of nuclear fuel. In order to improve the
mechanical properties, such as the fracture toughness, it is necessary for applying a SiC matrix
composite which is reinforced with SiC fiber.

SELECTION OF SIC MATRIX FABRICATION PROCESSES FOR ACCIDENT TOLERANT
CORE MATERIAL

The basic material properties of SiC/SiC composites are significantly affected by the
SiC matrix fabrication processes. The fabrication processes for SiC matrix composites is
typically divided into four types; sintering, chemical vapor infiltration (CVI), precursor
impregnation and pyrolysis (PIP), melt infiltration (MI) and sintering such as hot pressing (HP).
Table 2 shows a comparison of the advantages and issues of the SiC matrix fabrication
processes> .

Table 2. Comparison of advantages and issues of SiC matrix fabrication processes

Process Advantages Issues
. v Lower process temp. ® Porous matrix
g}%ﬁ%ﬁ%&%’%ﬂ) v High purity matrix ® Scalability
v' Suited to thin-walled structures | ®  Expensive
. v .
Precursor Impregnation | , éggﬁg;ﬁ?;;ﬁggﬁbﬂi ty ° AmOI'phO}lS matrix
and Pyrolysis (PIP) v Scalability ® Porous matrix
v Lower process temp. L . .
Melt Infiltration (MI) v Dense matrix : gogﬁt%%%?g residual Si
v' Complex shape capability calabriity
® Higher process temp.
® Needs high-pressure and/or
Sintering v" Dense matrix sintering-additives
® Shape capability and
scalability

The CVI process forms a high purity, stoichiometric and polycrystalline SiC matrix at
lower process temperatures with the availability of SiC fibers. Generally, the densification rate is
slow, and leaves an unavoidable final porosity with the infiltration of a gas phase SiC precursor.
This forms a porous SiC matrix which has a relatively high residual porosity (>10 vol %)* ).
Some issues with the infiltration of a gas phase precursor are the limited scaling and shaping
capability of the manufacturing. However, this process is suitable for forming thin-walled
structures, such as the channel box (rectangular structure with thin walls) and the cladding tubes
(cylindrical structure with thin walls).

The PIP process uses a SiC-precursor polymer to impregnate a fiber preform. In this
process, several impregnation-pyrolysis cycles are necessary. The amorphous SiC matrix leaves a
significant amount of residual porosity (>10 vol %). Therefore, since both the elastic limit and
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the beginning strength of the micro-cracking of the matrix are considerably low, it would be
difficult to apply it to structural material.

The MI is one of the processes suitable for forming a dense matrix without firing
shrinkage®?®. The densification provides improved SiC matrix thermo-mechanical properties
relative to composites consisting of CVI and PIP. The elastic limit and the beginning of the
micro-cracking of the matrix are high enough to apply it to structural material. However, some
residual Si remains (>5 vol %). Therefore, it would decrease the resistance to hydrothermal
corrosion.

Sintering is a process of forming a SiC matrix composite by sintering aids and/or high
pressure, such as hot pressing (HP) and hot isostatic pressing (HIP). Higher process-temperatures
showed significant strength degradation of the SiC fiber. Moreover, this process has some issues
with the shape capability and scalability, and has little practical application.

In the next step, Toshiba benchmarked the SiC matrix fabrication processes at lower
process-temperatures in regards to the requirements for the channel box (Table 3).

Table 3. Benchmark comparison of SiC matrix fabrication processes for channel box

Priority] Requirements CVl PIP Ml
1 |Corrosion resistance during normal operation Issue No No
1 |Irradiation resistance during normal operation Good No Issue
1 |High-temperature tolerance under severe conditions <1700K | <1400K | <1600K
4 |Mechanical properties during normal operation Issue Issue Good
4 |Mechanical properties during earthquakes Issue Issue Issue
4 |Thermal shock resistance under severe conditions Issue Issue Issue
4 |Fabrication of both thin-walled and elongated models Issue Good Issue
8  |Thermal properties during normal operation Issue No Good
9 |SiC matrix fabrication cost Issue Good Good

The first priority in satisfying the requirements for the channel box was the corrosion
and irradiation resistance during normal operation and the high-temperature tolerance under
severe conditions which for example, would not work in a cooling water system. This shows
thermal resistance temperature due to the SiC matrix fabrication processes. Furthermore,
oxidation resistance in steam atmosphere is needed for the accident tolerant channel box. The
CVI process is an effective method of satisfying the requirements for the channel box among
these processes. The CVI process shows high-temperature tolerance (<1700K) because of its
high purity, stoichiometric and polycrystalline SiC matrix. The corrosion resistance during
normal operation is currently under examination.

However, the CVI process has some issues, such as the mechanical properties during
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normal operation, mechanical properties during earthquakes, thermal shock resistance under
severe conditions, fabrication of both thin-walled and elongated models, thermal properties
during normal operation and the SiC matrix fabrication cost. Toshiba has discussed the material
design of the channel box in order to satisfy the mechanical properties of the CVI-SiC/SiC

composites.

MATERIAL DESIGN OF CHANNEL BOX

The channel box requires mechanical properties for protection of the fuel assemblies. In
addition to the existing safety standards, under the new regulations, a heat resistance of over
1473K is required for the channel box during severe accidents. Thus, the new regulations require
that the channel box is able to withstand seismic loads, as well as heat resistance up to 1473K or
higher. As the channel box is being designed for use under these conditions, the application of
these materials was carefully reviewed.

Toshiba has started designing the material compositions for applying the CVI-SiC/SiC
composites to the channel box. In the case of an accident, the channel box is required to
withstand seismic loads and heat resistance up to 1473K or higher. None of the CVI-SiC/SiC
structures have sufficient enough strength properties during both normal operation and
earthquakes. Therefore, Toshiba has settled on using a laminate structure composed of
CVI-SiC/SiC and CVD-SiC with an interface layer, which combines the mechanical properties
of the CVD-SiC’s strength and the CVI-SiC/SiC’s toughness'!"'¥). The interface layer could be
incorporated into both the load baring capacity of the CVD-SiC, and the large damage tolerance
of the CVI-SiC/SiC. Figure 1 shows a cross-section view of a channel box using this material
design concept. The rectangular structure with thin walls is composed of three layers, the
CVD-SiC, interface layer and CVI-SiC/SiC.

‘\
N
4

CVD-SiC

>4m
Interface layer

CVI-SiC/SiC

[SSSeoce——t

\\\

Figure 1. Cross-section view of channel box using this material design
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Figure 2 shows the consideration of the stress-strain curves for a hybrid structure. The hybrid
structure, comprised of layers of CVD-SiC and CVI-SiC/SiC with an interface layer, has a
fracture strength that is initially high, and also shows a high fracture energy'*'¥. As for the
design of the SiC hybrid material, it is very important that the thickness of each layer is
optimized based on the properties of the CVD-SiC, CVI-SiC/SiC and interface layer, including
the reversible structure shown in figure 1.

This hybrid structure will provide not only the mechanical properties required under the
new regulations, but also cost performance of the channel box due to the SiC fiber reduction, etc.

SiC(monolithic = Strength) SiC/SiC (CMC = Toughness)

o o

3 €

AV

Hybrid (monolithic // Interface layer // CMC = Strength + Toughness)
o

€

Figure 2. Consideration of stress-strain curve for hybrid structure'®

SUMMARY

Toshiba and the collaborating partners started a joint project to develop a SiC/SiC
composite for accident tolerant core materials. Toshiba has started the designing of material
compositions for applying the SiC/SiC composites to the channel box and fuel cladding of light
water reactors (LWR). First, the material design of the channel box was described and discussed
in this paper.

For the material design of the channel box, Toshiba benchmarked the SiC matrix
fabrication processes with the requirements of the channel box. The sintering process
temperature affected the strength degradation of the SiC fiber. Concerning the matrix, standard
PIP and MI processes are not effective in both hydrothermal corrosion and irradiation resistance.
As a result of the benchmarking, the CVI process was selected for the fabrication process of the
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SiC/SiC composite for the channel box due to its corrosion and irradiation resistance during
normal operation, and high-temperature tolerance under severe conditions. It was suitable for
forming a thin-walled structure, such as the channel box (rectangular structures with thin walls)
and the cladding tubes (cylindrical structures with thin walls).

Next, Toshiba showed the effectiveness of a channel box of a laminate structure
composed of CVI-SiC/SiC and CVD-SiC with an interface layer, in order to improve the
mechanical properties during normal operation and earthquakes. The hybrid structure of the
CVD-SiC and CVI-SiC/SiC is considered to be attractive in achieving the mechanical properties,
because both the load baring capacity of the CVD-SiC and the large damage tolerance of the
CVI-SiC/SiC could be incorporated into the channel box. As for its design, optimization of the
microstructure, including the interfacial properties of the hybrid structure should be made in
order to obtain the accident tolerant properties. The main focus of this structure is to understand
the design variables based on the micro-failure process of the CVD-SiC and CVI-SiC/SiC hybrid
structures.

In the future, we will design the material composition for the fuel cladding for applying
the SiC/SiC composite.
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THERMAL DIFFUSIVITY MEASUREMENT OF CURVED SAMPLES USING THE FLASH
METHOD
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ABSTRACT

The flash method is a commonly used technique to measure the thermal diffusivity of solid
samples. In this work, the classical flash method for planar specimen geometries was extended to
measure cylindrically curved plates. The temperature evolution of the back surface of the
cylindrical plate was calculated and a measurement method incorporating a geometrical
correction concept was evaluated. Experimental measurements of the thermal diffusivity on a set
of planar and curved lead samples were used to confirm the validity of the method and determine
the geometrical correction factor. Additional thermal diffusivity measurements on a set of
stainless steel samples at temperatures from room temperature to 800°C demonstrated that the
geometric factor is not a function of sample temperature. This method was then applied to
obtain thermal diffusivity measurements for curved composite materials. Silicon carbide fiber
reinforced, silicon carbide matrix composites (SiC-SiC) are being developed for nuclear fuel
cladding applications, where thermal conductivity is an important design parameter. Due to the
fabrication process, the structure and fiber geometry of curved composite samples may differ
from planar samples, and as a consequence, data from planar samples may not be representative
and direct measurement of curved composite specimens is critical. Composite structure was
found to have a strong effect on the thermal diffusivity measurements for prototypical SiC-SiC
cladding tubes.

1. INTRODUCTION

The flash method was introduced by Parker and coworkers [1] and is widely acknowledged
as a standard for thermal diffusivity measurements of solid materials. The principle of this
technique considers a burst of energy emanating from a pulsed laser that is absorbed on the front
face of the opaque slab, and results in homogeneous heating. The relative temperature increase
on the rear face of the sample is measured as a function of time by an IR or other detector, and
the thermal diffusivity is obtained by computing the time corresponding to the half maximum of
the temperature rise (t1/2). For adiabatic conditions, the thermal diffusivity, is a function of
h, the sample thickness, and ti/, the time at 50% of the temperature increase and is given by the
equation:

n2
a =0.1388— (1)
ti2

With the flash method, the challenging measurement of the absolute quantity of laser energy
absorbed by the sample and of the resulting absolute temperature increase is replaced with more
accurate and direct measurements of time and relative temperature increase via the detector
voltage.

In Parker’s initial work, no heat loss and an infinitely narrow flash pulse width were
assumed. Since then much work has been done on heat loss and pulse width corrections. Cowan
[2] improved the flash measurement method by considering heat loss at high temperatures. Clark
and Taylor [3] studied the effect of radiation heat loss on thermal diffusivity measurements.
Based on Cowan and Clark and Taylor’s results, Koski [4] derived a more general equation
including a heat loss factor to predict the rear surface temperature rise with time. Cape and

43



Thermal Diffusivity Measurement of Curved Samples using the Flash Method

Lehman [5] had studied the ratio of pulse width to the characteristic thermal response time and
generated the correction curves for thermal diffusivity measurement.

The flash method has been mainly restricted to flat samples, and for monolithic materials, the
thermal diffusivity would not change as a function of the specimen geometry. However, for
composites materials, especially ceramic matrix composites (CMC), the thermal diffusivity will
depend on fabrication process and fiber architecture, which can vary depending on sample shape.
Therefore, it is necessary to develop a measurement method to measure the thermal diffusivity of
non-flat plate. Apinanniz, et al [6] and Salazar et al [7] extended the flash method to measure the
radial thermal diffusivity of rods, tubes and spheres. Recently, Salazar et al [8] developed a
method to measure the thermal diffusivity of cylindrical and spherical plates. In their work, they
assumed an ideal point or line light source pulse uniformly illuminated on OD surface instead of
pencil beam pulse. However, in a real measurement, it is difficult to generate a point or line light
source and to have uniform illumination on curved plate’s surface.

The primary purpose of this work is to develop a method to measure the radial thermal
diffusivity of CMC tubes. These SiC-SiC CMC tubes are being developed for use as nuclear fuel
cladding in fission reactor, and for this application, the tube diameters will be between 1cm and
2cm, with a wall thickness of roughly 1 mm.

In this work, a flash method was developed to measure cylindrical plate’s thermal diffusivity
with a regular pencil laser beam as the light energy source. First, a theoretical model was
developed to calculate the temperature rise at the rear surface of a cylindrical sample as a
function of the radius. Numerical simulations indicate that it is possible to directly use Eq. (1)
multiplied by a geometric factor to account for sample geometry. Flash measurements of the
back temperature of series of cylindrical lead plates with different radii confirm the validity of
the calculation and these results were used to determine the actual geometric factor. Flash
measurements of cylindrical steel plates at different temperatures indicate that the geometric
factor is not a function of temperature. Finally, thermal diffusivity values were obtained for
prototypical SiC-SiC nuclear fuel cladding structures and the effects of tube microstructural
features on thermal diffusivity was assessed.

2. THEORETICAL MODEL AND CALCULATION

The theoretical model is developed by first reviewing the calculation of the temperature rise
above the ambient of a flat plate illuminated by a brief pencil beam light pulse, and then
extending this calculation to the case of cylindrical plate. The purpose of the theoretical
calculation is to see if it is possible to directly use Eq. (1) multiplied by a geometric factor to get
the thermal diffusivity of cylindrical plate. For this calculation, we will only use the same
boundary conditions as used by Parker [1], where heat loss and pulse width effects are not
considered. To determine an accurate geometrical factor value, experimental results will be used
rather than theoretical results.

Consider an opaque flat plat of thickness h uniformly illuminated by an ideal Dirac pulse
with an energy density q. The cross-section of this arrangement is shown in Fig. 1. To obtain the
time evolution of this sample, the one-dimensional heat conduction equation must be solved:

o1 _1er
oxX a ot
Boundary conditions:

oT(0,1) _ 48(0)
O0x

(@)
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0T (h,t) _ 0
Ox

Initial condition
T(x0)=0

Solving Eq. 2, gives the temperature rise on the back surface:

’l’l.2T[

T(h,t) = T [14+ 2554 (- 1" exp (- 22 at)| 3)

If ti2 is the time required for the back surface to reach half of the final or maximum
temperature rise, then, Eq. 3 can be simplified to Eq. 1 and the thermal diffusivity can be
determined.

For a sample consisting of a 1.25 mm thick lead plate with thermal diffusivity of 23 mm?s,
and with an energy density q selected to produce a final temperature rise of 40°C, Eq. 3 will
produce the temperature rise plot as shown in Fig. 2.

A Cylindrical plate

Consider a cylindrical plate (a section cut from a tube) with inner radius r; and outer radius 1,
and a width of d. The illumination would be the same as in the flat plate case (Fig. 3). For this
sample geometry, the heat conduction equation becomes two dimentional.

T 10T 18T _10T

—t——tS—=— 4
or* ror r’ed* a ot @
Boundary conditions:
M =¢cos05(t)
or
oT
r,.0.0) _,
or
r,—r,=h
o1(r,0,,1) -0
00

e (edge angle) is determined by

Sin®), = zi , where d is the width of the plate.
T

Symmetric condition:
oT(r,0,0) _ 0
00

Initial condition
7(r,0,0)=0
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This equation can be solved using numerical methods.

For a 10 cm wide cylindrical plate composed of lead with an outer radius of 5 cm and a
thickness of 1.25 mm, the calculated temperature change of the center of the rear surface is
shown in Hg. 4.

From Fig. 4, it can be seen that the center temperature increases rapidly initially, but then
begins to slowly drop after it reaches the maximum. This is due to heat conduction in
direction. This is in contrast to the temperature rise for a flat plate, in which temperature does not
drop and the maximum temperature is equal to the final temperature. As a result, for laser flash
measurements of curved samples, the maximum temperature must be used instead of the final
temperature.

Another important difference between a cylindrical plate and a flat plate is that the rear
surface temperature is not uniform in a curved sample, with a higher surface temperature in the
center and gradually dropping temperatures towards the edges (Fig. 5). For the actual flash
measurement method, the IR detector will not only measure the back surface’s center
temperature, but will actually measure the average temperature of the entire back surface area
visible through the detector’s aperture.

Assuming the radius of the aperture is R, the average temperature on back surface can be
determined by

= [ToVR—ax ©)
R

Here, x is the distance from the center.

Based on Eq. 5, the average temperature change on the back surface can be calculated as a
function of time and aperture radius. Figure 6 compares the center and average back surface
temperatures for a curved lead plate, with the same sample geometry as was used for Fig. 4 and
assuming an aperture radius of R =4 mm.

The value for ti» (time for the temperature rise to reach half the maximum rise) can be
determined based on average temperature vs time curve. Using this approach, the ti» values for
lead plates with thickness of 1.25 mm and different radii of curvature can be calculated and are
shown in Fig. 7.

From Fig. 7, ti2 is found to decrease as the plate curvature increases. As a consequence, if
the flash method is used to measure thermal diffusivity of cylindrical samples of the same
material, the resulting thermal diffusivity value obtained using Eq. 1 will be larger for the higher
curvature samples, due to this curvature effect. However, by applying a correction factor based
on the sample geometry, it is possible to determine the actual material thermal diffusivity value
for curved samples. With this approach, the same regular flash measurement method for flat
samples can be used to measure the apparent thermal diffusivity of cylindrical plate, and the
relation between the measured value 1, and real thermal diffusivity can be given by Eq. 6,
where g is a geometrical factor and is a function of the curvature of the sample.

A =a*g(r) (6)
This calculation only uses a simple boundary condition without considering heat loss and
pulse width effects. The average temperature on the back surface is also a function of the

detecting area, which may vary between different instruments. To account for these conditions,
the geometrical factor will be determined from experiment. By measuring samples with different
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radii of curvature and flat samples (where the radius of curvature is infinity), the geometrical
factor can be determined as:

_ %mn)

90 =2y (7
3. EXPERIMENTAL AND GEOMETRICAL FACTOR DETERMINATION

In order to validate the theoretical predictions and find the geometrical factor, apparent
thermal diffusivities were measured for two sets of samples. Lead plates with different radii of
curvature were tested at room temperature to determine the geometrical correction factor, and
stainless steel samples with different radii were measured at different temperatures to investigate
the effect of temperature on the geometrical factor.

For this work, a NETZSCH LFA LFA 427 laser flash analyzer was used to measure thermal
diffusivities, and ti» was calculated using Eq. 1. The scheme of the experimental setup is shown
in Fig. 8. Both flat and curved samples were measured, and the sample physical size was kept
constant at 10 mm x 10 mm to fit into the measurement instrument. Cowan model with pulse
width correction was chose for data analysis.

Lead sample experimental results

Lead plate specimens were cut from a flat lead sheet to keep the thickness and material
properties constant. Four samples were made; one piece was kept flat and the other three were
bent into radius of 5, 6 and 7 mm, respectively. Lead was selected due to its high ductility and
malleability, which facilitated fabrication of the curved samples. Experimental results for ti> data
have been plotted in Fig. 9 alongside the calculated results, and are in good agreement.

The apparent thermal diffusivity values for the different samples were calculated, and the
geometrical factor was determined using Eq. 7. The geometric factor is plotted as a function of
curvature in Fig. 10, and these experimental data points were fitted to a curve to give an
expression for the geometrical factor as a function of the cylindrical plate’s outer radius (r, in
mm) as follows:

g(r) = +1 ®)

2.4651 | 0.1067
2 +—
r r

As mentioned above, the geometrical factor is a function of the IR detecting area, and
therefore is instrument specific. Once a geometrical factor is determined using this experimental
approach, it could be incorporated into the instrument’s software, and the thermal diffusivity of a
cylindrical sample could be measured directly.

Stainless Steel experimental results

To investigate the effects of temperature on the geometrical factor, an additional set of six
stainless steel samples was tested. Five curved test plate samples were cut from 304 stainless
steel tubes (with OD of 3/8”, 14", 5/8”, 1” and 1 '4”) and an additional 304 stainless steel flat
plate was used as a control (McMaster-Carr). There was a slight variation in the tube wall
thickness, ranging from 1.2mm to 1.25mm for each tube, and the thickness was measured at
various locations of each sample to get an average. Thermal diffusivity measurements were taken
at temperatures of 25, 200, 400, 600 and 800°C, and the geometrical factors were calculated
using Eq. 7. The results are shown in Fig. 11, along with the geometrical factor curve obtained
from the lead sample set (Eq. 8).
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From these results, the geometric factor for the stainless steel samples was found to follow
the geometrical factor given by Eq. 8, and no temperature variation to this factor was observed.
The small deviations observed could be caused by either sample-to-sample variation (unlike the
lead samples, all these steel samples are not from the same piece of material), or tube wall
thickness variations.

4.  APPLICATION TO COMPOSITES

In composite materials, especially ceramic matrix composite (CMC) materials, the density
and void distribution depends on fabrication process and fiber architecture. If the fabrication
process or fiber architecture varies between a flat sample and a curved sample, then the thermal
diffusivity of curved composite may not be the same as that of flat composite of nominally the
same material. In this work, SiC-SiC composite tube samples were fabricated using chemical
vapor infiltration (CVI). Details of this fabrication have been reported previously [9]. This
fabrication process produces stoichiometric material with high purity, but residual porosity is
trapped within and between reinforcing fiber bundles. The fabrication process, fiber architecture,
and resulting residual voids can have a large effect on the final material properties.
Thermal diffusivities of cylindrical SiC-SiC CMC tubes were measured using the laser flash
method and applying the geometrical correction factor (Eq. 8), and effects of void size, void
volume, and tube microstructure were investigated. X-ray tomography (XCT) was also used to
scan all samples to determine void sizes and distributions, and sample densities were obtained by
measured mass divided by overall sample volume obtained through XCT scans.

Effect of void volume percentage,
The effects of overall void volume were investigated by measuring two different SiC-SiC

composite tube samples with a nominal outer radius of 10 mm and thickness of approximately
1.8 mm. The fiber architecture of both samples was the same; both had a fiber volume fraction of
roughly 35%, and void volumes for both were measured using XCT. However, one sample had
an additional layer of SiC deposited using chemical vapor deposition; this layer was essentially
fully dense and had the effect of reducing the overall void volume fraction (8.7%) in that sample
compared to the uncoated sample (12.7%). Because the underlying composite fiber architecture
was the same for both samples, the voids sizes of both samples are similar. Cross sections of
these two samples showing representative porosity is shown in Fig. 12 and the measured thermal
diffusivities of these two samples are plotted in Fig. 13 as a function of temperature. The thermal
diffusivity was observed to depend on the sample void volume fraction, with larger void volume
fractions reducing thermal diffusivity.

Effect of void size

The effects of void size on thermal diffusivity were explored by comparing measurements on
three different SiC-SiC cylindrical samples with an outer radius of 5 mm. The overall void
volume fraction in each of these samples was approximately the same (between 9% and 11%
void), but due to differences in the fiber architecture, the void sizes varied between samples, and
one sample had larger voids and one had smaller voids than are typically observed.
Representative void distributions from XCT scans are shown in Fig. 14 and the thermal
diffusivities of these three samples are plotted as a function of temperature in Fig. 15. These
results indicate that although the three samples have similar density and overall void volumes,
the relative size of the voids has a large influence on the thermal diffusivities, with larger voids
causing a reduction in the thermal diffusivity.
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Effect of the structure on thermal diffusivity

Silicon carbide CMC tubes can also be fabricated incorporating a thicker monolithic SiC
layer. This layer can provide an impermeable barrier for gas containment and also affects the
tube thermal diffusivity relative to a fully composite tube. To investigate the effect of this
structural change, two additional SiC tube samples were fabricated by forming a SiC-SiC
composite layer around an inner monolithic SiC tube. The composite layer was fabricated using
chemical vapor infiltration, and the monolithic SiC layer was composed of a sintered SiC tube
(Hexaloy, St. Gobain). The thickness of the monolithic layers in the two samples was the same,
but one sample had a thinner composite layer than the other, and the relative monolith volume
fractions for the two samples were 38.1% and 34.7%. The void sizes and volumes were very
similar for the two samples; their cross sections are shown in Fig. 16 and the measured thermal
diffusivities are plotted in Fig. 17 as a function of temperature.

The monolithic SiC thermal diffusivity was measured at 49.8 mm?/s at room temperature,
which is significantly higher than the SiC-SiC composite due to the significantly lower void
volume in the monolithic material. This diffusivity difference is reflected in the experimental
results for the combined monolith-composite tube samples, where the sample with the higher
monolithic SiC volume fraction was observed to have a higher thermal diffusivity.

5. CONCLUSIONS

In this work, a theoretical model was developed and experimental results were used to
demonstrate that the flash measurement method can be directly used to measure thermal
diffusivity of cylindrical plate samples without modification of a conventional flash
measurement instrument. The effects of sample curvature are accounted for by scaling the
measured thermal diffusivity value by a pre-determined geometrical factor, which varies with
sample radius. This method is especially useful for thermal diffusivity measurements of curved
composite materials, since fabrication and fiber architecture differences can lead to differing
properties between flat and curved samples.

This geometric correction approach could also be extended to other shapes beyond flat or
curved plates. A ductile, malleable, monolithic material (such as lead) would first be used to
make two samples; one planar sample with the desired thickness, and one with the same shape as
the target composite sample with the same thickness. By measuring thermal diffusivities of these
two samples using the flash method, the geometrical correction factor can be obtained for the
geometry of interest. Then, the apparent thermal diffusivity of the target composite samples can
be measured under the same test conditions, and the geometrical factor can be applied to account
for shape effects and calculate the real value of the material’s thermal diffusivity.
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Fig. 1 Cross-section of a flat plate.
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Fig. 2 Calculated rear surface temperature rise of a lead flat plate, 1.25mm thick.
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Fig. 3 Cross section of cylindrical plate.
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Fig. 4 Calculated temperature change on the center of the rear surface for a curved lead plate
with an outer radius of Scm.
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Fig.5 Calculated temperature profile on rear surface for a curved lead plate when the center
temperature reaches the maximum and half of the maximum.
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Fig. 6 Calculated rear surface temperature change, taken at sample center and average of area
viewed by detector aperture.
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Fig. 7 Calculated results for time to reach half of the maximum temperature on rear surface as a
function of outer radius, r
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Fig. 8 Scheme of the experimental setup
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Fig. 9 Experimental and calculated results for time to reach half of the maximum temperature on
rear surface with the function of outer radius, r.
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Fig. 10 Experimental data for the geometrical factor for lead samples at room temperature and a
fitted curve (Eq. 8).
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Fig. 11 Experimental data for the geometrical factor of stainless steel, along with the fitted curve
for lead samples (Eq. 8).
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J.Zhang Fig. 12

Fig.12 (a) Representative void distribution for sample with higher void volume, (b)
representative void distribution for overcoated sample with lower void volume.

Effect of Voids Volume Fraction

u8.7 % voids
+12.7% voids

*

Thermal diffusivity (mm?%s)
o = N W A O3

o

200 400 600 800 1000
Temperature ("C)

J. Zhang Fig. 13
Fg. 13 Effect of void volume fraction on thermal diffusivity.

J. Zhang Fig. 14

Fig. 14 (a) Representative void distributions for a sample containing larger voids, (b) sample
containing intermediate sized voids, and (c) sample containing smaller voids.
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Fg. 15 Effect of voids size on thermal diffusivity.

J. Zhang Fig. 16
Fig. 16 Representative cross-sections for combined monolith-composite tube structures having
(a) lower monolith volume fraction, and (b) higher monolith volume fraction.

Effect of Structure
£ 12"
jg =38.1% monolith
% c;_-@ gl* r +34.7 monolith
S
E=H :
2
=

0
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

J. Zhang Fig. 17

Fig. 17 Effect of monolith volume fraction on thermal diffusivity.
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ABSTRACT

Promising compositions of solid electrolyte materials can be obtained with several compositions
by various synthesis routes, like regular melt- quench process or producing NASICON-type
glass ceramic, via sol-gel- or oxide synthesis, followed by calcination and ball milling to fine
powders. These powders are transferred into slurries followed by tape casting of thin ceramic
foils. Sintering is the most challenging step of the entire process. Cracking, bulging, warping and
bloating have to be eliminated to get a plane and dense electrolyte substrate. NASICON-type
glass ceramic compositions from the NaxO-REO-SiOs-system (REO- rare earth oxides) with and
without additions of P,Os have been prepared via glass melting, quenching on different
materials, grinding to powder with subsequent sintering and crystallization after shaping steps
like cold uniaxial pressing and tape casting. The separator materials were characterized by
microscopy, XRD, density measurements and electrochemical impedance spectroscopy. Na* ion
conducting ceramics with a relative densities of 95 to 97 %, a thickness about 300 pm and
conductivities > 1-10-* S/cm at room temperature were obtained.

INTRODUCTION

While lithium batteries have gained great attention as portable energy sources for various
applications (e.g. cell phones), their use as electrical storage for grid balancing is still under
discussion because of the limited natural sources of lithium. Sodium is the low cost alternative for
stationary battery systems, beyond that it is available in plentiful supply.

Promising stationary battery concepts are high temperature Na-S cell and Na-NiCl> cell the so
called ZEBRA-Battery [ref.], with a sodium melt as an anode, a sulphur or nickel chloride as a
cathode and a sodium ion conducting ceramic (B’’-Na-Al,Os) as solid electrolyte placed in
between of both electrodes. Major challenges for these battery types are high operating
temperatures (200 to 300°C) which are needed to use liquid-state sulphur or nickel chloride-
electrodes and the high volatility and reactivity of sodium. Sodium is very volatile, hygroscopic
and oxidizing component, which makes it difficult to handle. This requires a considerable effort
in protection of sodium against environment during operation of such battery systems. This leads
to intensive research on new sodium sulfur battery systems with solid state electrolytes that are
capable to operate at reduced temperatures below 100 °C. In order to maintain a high absolute
ionic conductivity, the solid electrolyte needs to be very thin, dense and at the same time self-
supporting, with a high sodium ion conductivity at room temperature and an excellent chemical
stability e.g. in the battery electrolyte. Further a cycle stability at least of 300 cycles is necessary.

59



Glass Ceramic Separators for Room Temperature Operating Sodium Batteries

Although B’’-Na-Al>Os is used as electrolyte in standard high temperature sodium battery other
materials such as Na3Zr>Si>PO;» can also be used as high Na* ionic conductors. Some of them are
even commercialized as Na* conducting electrolyte and separator materials in the carbon dioxide
gas sensors [3; 5-8]. Furthermore sodium batteries working at low temperatures (near to room
temperature) are coming more and more into focus of R&D activities [9, 10, 11]. Also a number
of rare earth doped ionic conductors have been investigated around the NasRESi4O1>-system (RE=
Sc, Y, Sm, Gd, Tb, Dy, Ho, Er, Tm,YDb, Lu) [1;4] as Na* conductors. Shannon et al. reported the
highest Na+ conductivity (10-'-102 S/cm at 200 °C) for this system [2]. While and ’’-Na-Al,Os3
and Na;Zr»Si>PO12 can only hardly be synthesized and sintered to substrates, the NasRESi4O1o—
compositions produced by glass melting route, would provide ability for sintering steps at reduced
temperatures below 1200 °C.

For this reason sodium rare earth silicate glasses Si0>-Na,O-RE>O3; (RE=Y, Sm, Gd) have been
investigated in this study for their possible application as sodium electrolyte at room temperature.
The investigations focused on reaching an excellent ionic conductivity and good sinter ability as
well on manufacturing of substrates by tape casting technology. This technology offers the
potential to be up-scaled with a continuous tape casting facility and firing with multiple stacked
setters in tunnel furnace typical for the ceramic mass production.

EXPERIMENTAL

All synthesized electrolyte materials were produced via the melt-quenching technique. The
compositions of desired stoichiometry were melt in alumina or platinum crucibles. The raw oxides
and carbonates were homogenised in a tumble mixer for 30 minutes and calcined for several hours
at 500 °C. The melting temperatures varied between 1350 °C and 1450 °C.

The glasses were quenched on graphite, on brass or in water. The quenching procedure have a
significant influence on subsequent properties. Preferably the glass stays amorphous during the
cooling process. Undesirable are bubbles, streaks or extremely high tension that causes bursting
of the glass. Further the frit is pre-milled by a vibratory disc mill and then treated in a planetary
ball mill (dry) for at least 12 hours. To ensure that no contaminations occur, agate pots (SiO»)
and balls were used. Some powders were additionally milled in an attrition mill (in ethanol) to
gain a fine particle size distribution.

For comparison purposes regarding conductivity, two reference materials were called in,
commercial beta alumina purchased from Ionotec and self-made NASICON.

Samples for the ionic conductivity (via impedance spectroscopy) and density measurements were
produced by pressing cylindrical compacts with 6mm diameter from the glass powder and sintering
them on platinum foil. The plane and parallel interfaces were sputtered with gold (ion blocking
electrodes) and pressed between two platinum current collectors. Impedance measurements at
room temperature were carried out by a Gamry Reference 600 impedance analyser with a voltage
amplitude of +£ 100 mV in a frequency range between 100,000 and 0.02 Hz. Density measurements
were performed by the archimedean principle in ethanol with a Sartorius CP2245 balance and a
density determination kit.

The composition with mainly conductive phases have been processed to a slurry for tape casting.
This technique is very flexible regarding the geometry of planar substrates. Long tapes with
various thicknesses can be manufactured and any geometry can be cropped or lasered out of it.
The slurry is made of the glass powder, which is pre-crystallized or still amorphous, a solvent,
dispersant, binders and plasticizers. Mixing is done by roll-milling. If the slurry is homogeneous
it will be degased and casted on silicon coated mylar foil, therefore a viscosity of 1-5 Pa-s is ideal.
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After drying, which is a very sensitive step in the casting process, the single green tapes can be
laminated to increase the green density and to stabilize the edges of cropped geometries.
Furthermore several layers of green tapes can be laminated to a multilayer to get mechanically
stable samples.

Investigations of the sintering behaviour were made by hot stage temperature microscopy, thermal
dilatometry and differential thermal analysis. Comparing weight loss, beginning of visual
deforming of the glass and the crystallisation peaks are important to understand the kinetics of the
sintering process. Using these parameters the conditions of sintering (heating rates, holding steps,
holding durations, cooling rates) have been optimized.

RESULTS AND DISCUSSION

To obtain dense and Na* conducting solid electrolytes by sintering of glass or glass ceramic
powders, compositions with high ionic conductivity and a good sinter ability have to be found. In
NasRESi1;012-system three types of crystalline phases denounced as N3, N5 and No are known.
Especially the Ns-type phase offers a high ionic conductivity and is therefore the most desired
phase after crystallization. Hence the investigated compositions were chosen with respect to a good
sintering behaviour targeting in the highly conducting Ns-type crystal phase in the sintered
microstructures. The chosen compositions (see table 1) have different sodium and rare earth oxide
content and show the influence on conductivity resulting from different stoichiometry.

Table 1 List of prepared compositions:

A B C
Na': RE** 651 5:1 3.6:1
P,Os Yes No No
Milling attrition mill & attrition mill &
treatment ball mill ball mill ball mill

The resulting sintering behaviors for all compositions after ball milling and attrition milling
obtained from optical dilatometry is shown in fig.1. The composition C shows nearly no shrinkage,
which indicates an overlap of the crystallization and the sintering process. Visually this can be
already seen on quenched sample C (see in figure 1 (photo)). The glass looks milky compared to
the amorphous and transparent material A, which is completely amorphous after quenching of the
glass melt. Since there are already crystals present after quenching, the shrinkage ability is
inhibited. Compositions A and B show beginning shrinkage at 600-625°C which can be associated
with densification of the particles by a viscous flow of the glass melt. Furthermore the attrition
milled powder of material A shows bloating (expansion) beyond 850 °C. It is important to achieve
the sintering and crystallization below this temperature.
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Figure 1 Shrinkage behavior obtained using hot stage microscopy and images of
quenched glass samples

A correlation of the shrinkage behavior with the differential thermal analysis shows a clear
difference between powders A and B (see figure 2). Material A first passes the sintering step first
and crystallization starts subsequently, however for material B sintering and crystallization
processes overlap strongly. This is actually a non-desired effect, because growing crystals are
prone to inhibit further shrinkage. Also a design of the microstructure, by separated nucleation and
crystal growth steps is only hardly possible.
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Figure 2 Thermal analysis and linear shrinkage of ball milled powders

A higher degree of densification can be reached, if powders of appropriate stoichiometry are
treated by attrition ball milling. By high energy milling particle sizes of 1-2pm for dso can be
realized. The surface area is much bigger now and the smaller particles can be compressed even
better, resulting obviously in a higher sintering activity. Due to the higher sintering activity of
attrition milled powder (figure 1), the beginning of shrinkage is shifted to lower temperatures. The
final peak temperature for sintering is reduced from 1100°C for the ball milled powder to only
800 °C for the attrition milled powder with even higher shrinkage in the end.

Fig. 3 shows the densities reached for cylindrical (uniaxial pressed) compacts of material A after
holding the samples for 5 hours at the peak temperature. The density of ball milled material A
increases further with peak temperatures above the maximum shrinkage/ densification temperature
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of 650 °C (see figure 2), but it does not reach values beyond 2.6 g/cm3. In contrast, the achieved
densities for attrition milled powder at temperatures above the maximum sintering temperature,
are lower, because of the bloating effect (figure 1) at T > 850 °C. The highest density for this
powder is reached at ~ 700 °C already with 95 % t. d. These results show that finer particles lead
to strongly increased densities at considerable lower sintering temperatures.
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Figure 3 Density of ball and attrition milled powder of material A

Fig. 4 (left) shows typical impedance spectra measured on pressed and sintered samples at room
temperature. At low frequencies (<100 Hz) the electrode impedance prevails. The phase shift
between voltage and current in the frequency region between 400 Hz and 2 kHz is near to zero.
A relaxation process related to the conductivity of the grain boundaries which are located in
between neighbored Na+ conducting crystallites is seen at frequencies above 2 kHz. The
frequency region 200 Hz — 2 kHz allows therefore a good opportunity for estimation of ionic
conductivity. With room temperature measurements in such frequency ranges an interpretation of
nyquist plots seems pointless. It is not possible to distinguish between grain interior and
grainboundary conductivity here. The authors have also performed high temperature impedance
spectroscopic measurements up to temperatures of 500°C. Only at temperatures above 200°C
features in these spectra appear that allow to distinguish between both conductivity paths. The
arrow in figure 4 (left) shows the point of interest, the impedance reaches a plateau while the
phase shift is maximal, there the real part of impedance can be read off.

Not only has the densification had an influence on the ionic conductivity, but also the existing
phases and therefore the sintering procedure. In the right diagram of figure 4 the dependence of
the conductivity from the peak sintering temperature for material A is shown. The huge gap
between sintering at 700 °C and 800 °C is remarkable, because obviously in this temperature
range, the crystallization of the conductive phase starts, which increases the conductivity
significantly. In accordance to the sintering behavior, shown in figure 1, the attrition milled
powder reaches the maximum of conductivity at 850°C, which is even higher than conductivities
for coarse powders at this point. In contrast the ball milled powder reaches comparable values
not until 900 °C. Unfortunately beyond 850 °C bloating and pores occur for attrition milled
powder A, which decreases the greatest possible total conductivity again.
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Figure 4 Impedance Vs. Phase Shift (Left) and Conductivity of Different
Sintering Temperatures

Conductivity measurements for investigated crystallized glasses show quite different results
(table 2), which are in agreement with phase content, detected in the samples. The samples with
high content of Ns-type (A) show the highest ionic conductivity of about 10-* S/cm at room
temperature. To verify an ionic conductivity in these samples, potentiostatic DC measurements
were carried out resulting in transport numbers of higher than 0,9. The crystalline phases
appearing in the microstructure are dependent of the available Sodium and rare earth content
(table 1). For this material system the high conductive phase is NasRE(Si0s)4 (N5 type).
Secondary phases are the Ns- and No- type which are significantly less conductive. Desirable is
to get a dense specimen which Ns-type phase and only a low/no content of residual phases, as
can be seen in figure 5 for ball milled material A.
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Figure 5 x-ray patterns for ball milled investigated materials >1100°C

Beyond 1100 °C, it is possible that the volatile sodium evaporates and the wanted stoichiometry
cannot be realized anymore. X-ray diffraction investigations show Ns phase mainly for the
compositions A and B. Further they show small amounts of Ns-type for material B. Material C
however shows only minor amount of the desired conductive phase Ns and higher contents of N3
and No type phases. This fact correlates with the conductivity measurements.
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Table 1: Room temperature conductivities and crystalline phases found in investigated materials
compared to references

material sintering temperature conductivity phase content
°C S/em
A-ball mill 1100 1.4-103 Ns
A-attrition mill 840 3.3-10 Ns, N;
B- ball mill 1120 1.2: 103 Ns, N
B-attrition mill 800 2.4 10° N5, Ns
C- ball mill 1200 3.6- 10 Ns, No, Ns
Beta alumina 1600 8.9- 10 NaAl;;017
NASICON 1230 2.3-10* Na3Zr:Si,PO12,
V41 0))

Sample C, containing mainly the less conductive phases as N3 and No type (figure 5), the
conductivity reaches only a maximum of 10 S/cm, at the maximal frequency (table 2). This
indicates that N3/No are still conductive but not as good as Ns. The reason might be a structural
effect of the unit cell of those crystals. The Ns type is a loose packed cell, while the Ns type e.g.
is a very tight cell where not much ion movement is possible (see figure 6).

i &:3"‘

Na3-type — Py12121 NaS-type - R3cH
Figure 6 Structure of unit cells of conductive phases

The attrition milled material (A-attrition mill) shows an interesting behavior, the overall
conductivity is not higher than for the coarse material A, but although the peak sintering
temperature is 300 °C lower than for the ball milled material, it reaches comparable
conductivities (Figure 4/ Table2 ). Still there is the disturbing N3 phase at 840°C, for the attrition
milled powder, assuming that either the peak temperature must be slightly increased or the sinter
duration must be extended.

The attrition milled material of composition B shows a significantly lower conductivity. X-ray
analysis shows, that because of the lower sintering temperatures for attrition milled powder
compacts (B-attrition mill), the conductive phase is not fully crystallized after a short period of
time. To get the best possible conductivity the sintering duration at peak temperature has to be
extended here as well and a sintering additive might improve the properties.

The fact that a fine powder has a different conductivity behavior indicates, that not only the
density and phase distribution but also the grain size and attending spandrels of residual phases
have an influence on conductivity paths.
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Supporting investigation of microstructure (density, micro cracks, grain sizes, impurities) and
existing phases were done by FESEM analysis. Synthesized powders were sintered as powder
compacts and cross sections were prepared. Shown here are 2 images of material A in ESB
contrast (figure 7), where the dense microstructure, containing 3 different phases can be seen. As
expected, it can be seen that finer initial particles lead also to a considerable finer microstructure.
Thereby the different phases are distributed more homogenously for the fine grained material.
Further in the coarser structure there seems to be some microcrackings , which cannot be found
in the fine microstructure.

ESB contrast .

Figure 7 FESEM image of sintered powder compacts, left: ball milled powder ;
right: attrition milled powder

For this work, no distinctive measurements for grain and grain boundary conductivity were done
so far. Because of different microstructures and impedance measurements for sintered coarse and
fine samples, we assume there must be a different conduction mechanism, for both of them. In
general the conductivity within the crystalline grains is much higher than in the grain boundary
phase. Schneider et. al measured similar total ionic conductivities for LISICON-type materials
with strongly differing grain sizes in their micro structures [12]. They postulate that the
conductivity of the grains and the grain boundaries distinguishes much more for coarser
microstructures. In a microstructure with finer particles the conductivities of grains and grain
boundaries are almost equal. Similar results are described by Jackman et al. [13]. Coarser
grained materials have fewer grain boundaries, therefore, as grain size decreases, the grain
boundary influence on conductivity increases, lowering the total conductivity. As the grains
become coarser, the conductivity of the grains begins to dominate. This suggests to create coarse
micro structures in order to maximize the effect of the grain conductivity. However an
anisotropy for the thermal expansion coefficients according to the different crystallographic axis
is known for several ion conducting NASICON-materials. This implies that coarse micro
structures will produce micro cracks which impede the conductivity while finer micro structures
behave more stable from a mechanical and an electrical point of view.

This matches also to our results where similar overall conductivities have been measured for a
coarse and a fine grained micro structure. A high ionic conductivity is provided by the crystal
structure of the Ns-type. More over in our case different crystallographic phases are present
during sintering while the desired Ns-type phase tend to form at higher temperatures. The
sintering additives segregate as poor or even non conducting grain boundaries. In case of our
system contradicting effects depending on the sintering process and the initial particle size must
be tuned in order to achieve good electrical and mechanical properties. Using a coarse powder a
high sintering temperature is needed to achieve a high density and a high conductivity based on a
monophasic Ns-type micro structure. This implies also a coarse micro structure and the
occurrence of micro cracks. In contrast a fine powder results in highly dense, stable and fine
grained micro structures at lower sintering temperatures. However the lower temperature inhibits
the monophasic crystallization of the Ns-type phase. This can be only achieved by applying an
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additional high temperature treatment which also leads to the undesired bloating effect and
probably to grain coarsening.

In order to produce an ionic conductive solid electrolyte, the present powders were tailored in
different ways for the tape casting process, either milled in different ways and/or pre-crystallized.
Pre-crystallized powders have the advantage of less movement in the tape, while sintering, because
the wanted phases are already there. Further sticking to setters might be inhibited. The ball-milled
and attrition-milled powders of composition A/B have been sintered as casted tapes resulting in
substrates of thickness 160 pm (figure 8). A density of 97 % t. d. was reached for the best sintered
tapes (figure 9).

Figure 8 Cross section of a sintered tape of attrition milled powder

CONCLUSION

In this study the ionic conductivity and sintering ability of crystallized glasses in the system
Si0»-NaxO-RE;O3 were examined. Due to partial crystallization while quenching the glass melts,
some materials show poor densification, less conductive phases and thereby lower
conductivities. The addition of appropriate sintering additives allowed the controlled separation
of the sintering and the crystallization process resulting in highly dense micro structures.
Maximum conductivities in this system can be obtained by crystallization of Ns-type phase. To
realize such conductivities, not only a dense microstructure is needed, but also controlled
crystallization at the optimal temperatures, that lead to a mono phasic Ns-type micro structure. It
was shown that coarse grained micro structures lead to micro crackings which are assumed to be
responsible for lowered ionic conductivities and also mechanical properties. In this work the
highest conductivity of 1.4 -103 S/cm at room temperature was reached for a composition
sintered at 1100 °C for 5 hours. Finer particles allowed considerable lower sintering temperatures
while achieving only slightly lower conductivities and crack free micro structures. To obtain an
actual solid state electrolyte which can be used in a battery cell (figure 9), the powders were used
to prepare tape casting slurries for the doctor blade process. Self-supported sintering of sodium
conducting glass ceramic tapes down to a thickness of 160 microns were realized by pressure
less sintering in air.

z ofer
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Figure 9 translucent separators produced by tape casting; self-supporting sintering
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AVENUE TOWARDS THE DEVELOPMENT OF NEW NANOSTRUCTURED COMPOSITE
CATHODE MATERIALS FOR LITHIUM-ION BATTERIES

Nina Kosova
Institute of Solid State Chemistry and Mechanochemistry SB RAS
Novosibirsk, Russia

ABSTRACT

The present work represents a review on nanostructured composite electrode materials
prepared by mechanochemically assisted solid-state synthesis using a high-energy mechanical
activation (MA). As-developed approaches include: 1) joint MA of two active cathode materials;
2) direct mechanochemically assisted solid-state synthesis from a multicomponent reagent
mixture without mutual dissolution of the components; 3) formation of a second phase via partial
decomposition of pristine material prepared using MA; 4) solid-state solvent-free formation of
“core-shell” cathode materials with a high-conductive “shell”. Structure, morphology and
electrochemical properties of the as-prepared materials were investigated by a complex of
physicochemical methods including XRD with Rietveld refinement, solid-state MAS NMR,
Mossbauer and XPS spectroscopy, SEM and TEM microscopy, 7z situ synchrotron diffraction,
galvanostatic cycling, etc. It has been shown that due to unique combination of properties, the as-
prepared nanostructured composites have advantages over the individual components, including
better cycleability and high-rate capability, lower price, more suitable charge-discharge profiles
and operating voltage, etc.

INTRODUCTION

One of the promising approaches to the optimization of the properties of lithium-ion
batteries (LIBs) is in the development of new composite electrode materials consisting of two (or
more) active components in order to use the advantages of the both of them [1]. Due to a unique
combination of properties, the mixed materials show some advantages over the individual
components. This includes the longer lifetime, the decreased capacity fading upon the cycling,
lower price, the improved thermal stability, more acceptable profiles of charge-discharge curves
and operating voltage, etc.

In the present work, novel composite electrode materials for LIBs were prepared using
the high-energy mechanical activation method (MA) to achieve the enhanced electrochemical
properties over the individual components. MA with high-energy mechanoactivators is a modern
energy- and eco-efficient method of fine grinding, mixing, and activation of solid reagents and is
widely used to prepare different functional materials [2, 3]. As an example, we report the results
of studying the synthesis, structure, morphology, and electrochemical properties of the composite
cathode materials prepared by different procedures: 1) joint MA of two individual cathode
materials (the LiCoO,/LiMn>Os composites); 2) direct mechanochemically assisted solid state
synthesis starting from a multicomponent mixture of reagents without mutual dissolution of the
components (LiFePO4/Li3V2(POs); composites); 3) synthesis via heat-induced partial
decomposition of a single-phase nanosized cathode material, prepared by MA, with the
elimination of a gaseous by-product and the formation of the second electrochemically active
component (the LiVPO4F/LizV2(POs)3 composites); 4) solid-state solvent-free mechanochemical
synthesis of ‘core-shell” materials (LiCoO» surface modified by inert oxides; LiMO: (M = Co,
Ni)-coated LiMn;Os).
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EXPERIMENTAL

A short-time (5-10 min) mechanical activation was performed using a high-energy AGO-
2 planetary mill (900 rpm) with stainless jars and balls. The as-prepared materials were analyzed
by X-ray powder diffraction method (XRD) using a Bruker D8 Advance diffractometer, Cu Ko
irradiation (1=1.54181 A). XRD patterns were collected with a step of 0.02°/s and an uptake
time of 0.3 — 0.5 s. Structural refinement of the XRD data was carried out by the Rietveld
method using the GSAS software package. Mdssbauer spectra were recorded by means of a NZ-
640 spectroscope, Hungary, with a Co’” j~ray source at room temperature. MAS NMR spectra
were recorded using a Bruker AV-300 solid-state NMR spectrometer with rotor-synchronized
Hahn-echo pulse sequences. The chemical composition of the surface of the samples was studied
with a VG ESCALAB HP X-ray photoelectron (XPS) spectrometer (Al Ka radiation, v =1486.6
eV). The particle size and morphology were investigated by scanning (SEM) and high-resolution
transmission (HRTEM) electron microscopy using a LEO 1430 VP and a JEM-40000EX
MiCroscopes.

For the electrochemical testing, the composite cathodes were fabricated by mixing 80
wt% active material with 15 wt% Super P conductive carbon (Timcal Ltd.) and 5 wt%
PVDE/NMP binder. The mixed slurry was then pasted on the aluminum foil to obtain working
electrodes. The loading density of the prepared samples was 2-3 mg cm?, and an electrode
diameter of 10 mm was used throughout. The working electrodes were dried at 120 °C before
cell assembly. Swagelok-type cells were assembled in an argon-filled glovebox with Li as the
anode; 1M LiPFs (Sigma Aldrich, 99.99 %) solution in a mixture (1:1 by weight) of ethylene
carbonate (EC) and dimethylcarbonate (DMC) (Alfa Aesar, 99 %) as an electrolyte; and a glass
fiber filter (Whatman, Grade GF/C) as a separator. Cycling was performed using a galvanostatic
mode at room temperature.

Phase transitions upon cycling were studied by 7z situ synchrotron diffraction at the High-
Resolution Powder Diffraction (HRPD) beamline P02.1 of the PETRA III electron storage ring
at DESY (Hamburg, Germany) (1 = 0.20727 A). Diffraction patterns were recorded each 2 min
by a PerkinElmer XRD 1621 detector under galvanostatic cycling of the samples at C/10 rate at
room temperature.

RESULTS AND DISCUSSION

LiCoO»/LiMn,O4 composites

Layered lithium cobalt oxide LiCoO» (space group R-3m) [4] and lithium manganese
spinel LiMn;Os (space group Fd3m) [5] are well known cathode materials for LIBs. As
compared to layered cathodes, LiMn>Oy is less expensive and less toxic and is characterized by
higher operating voltage, better high-rate capability and thermal stability. Therefore, it is very
attractive to be used as the second component in a mixture with LiCoOs. At the same time,
LiMn>O4 has a lower Coulomb capacity and some disadvantages associated with the structural
rearrangement upon the cycling [6] and the Mn dissolution in the electrolyte [7], which can cause
high capacity fading.

Earlier, it has been shown that some disadvantages of cathode materials can be overcome
by the preparation of physical blends of these components in blenders [8-10]. In the present
study, the (1-x)LiCoO»/xLiMn2Os (0.4<x<0.7) mixtures of the preliminary synthesized
components were jointly activated in a AGO-2 planetary mill. According to Figs. 1 and 2, the
XRD patterns of the as-prepared products are a superposition of the reflections of the initial
phases, LiCoO, and LiMn>Os. The samples are characterized by an average particle size of about
100-200 nm (Fig. 3), i.e. much lower than the initial components.
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Figure 1. XRD patterns of the initial LiMn,Oy4 (1) and Figure 2. Rietveld refined XRD patterns of the as-
LiCoO:; (6), and mechanocomposites (1-x)LiCoO»/ prepared mechanocomposite 0.5LiCo0»/0.5LiMn,O4
xLiMn,O4: x=0.7 (2); 0.6 (3); 0.5 (4); 0.4 (5). (1) and the product formed after the 12™ cycle (2).

Figure 3. SEM images of the initial LiCoO, (a), LiMn,Oy (b) and
mechanocomposite 0.5LiC00,/0.5LiMnO; (c).

The mechanocomposites show the smoothing charge-discharge profiles and a good
cycleability with a reversible capacity of ~110 mA h g!' (Fig. 4) [11, 12]. Lithium intercalation-
deintercalation is accompanied by the Co**/Co** and Mn**/Mn*" redox processes and the
LiCo0O; - Co0; and LiMn2O4 » MnO> phase transitions. First, the Co®*/Co** pair is activated and
then lithium deintercalation occurs with the participation of the both couples. dQ¥d V' vs. voltage
plots for the first cycle of the composites show three redox peaks corresponding to the initial
components: LiCoO: and LiMn2Oy (Fig. 5). The redox peaks of LiCoO, gradually vanish upon
the following cycling of the composites. According to XRD data, the LiCoO, phase is still
preserved in the product after the 12 cycle, although the intensity of its reflections noticeably
decreases and the ¢ parameter increases (Fig. 2). The decrease in the intensity of the Co**/Co**
peaks on the dQ¥d V vs. voltage plots is associated most likely with a gradual transition of the
layered to spinel structure in the composite, contrary to the corresponding physical mixture.
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Figure 4. Typical charge-discharge profiles (a) and discharge capacity vs. cycle number plot (b) for
mechanocomposites (1-x)LiCoO,/xLiMn,Oy4: x =0.7 (1); 0.6 (2); 0.5 (3); 0.4 (4).
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Figure 5. dQ/dV vs. voltage plots for the first eleven
cycles of the 0.5LiCoO,/0.5LiMn,O4 mechanocomposite.

LiFePO4/Li3V2(POs4)3 composites

Orthorhombic lithium iron phosphate LiFePOs (space group Pnmb) is a favorite among
the framework-structured cathode materials due to its high operating voltage and electrochemical
capacity, as well as high structural, chemical and thermal stability [13]. However, it is
characterized by the low electronic conductivity and lithium-ion diffusion. Another Li-V-based
cathode - lithium vanadium phosphate LizV2(POs)3 with a monoclinic structure (space group
P21/n) - is a Nasicon-type compound with a high lithium-ion conductivity [14].

In the present work, we prepared the 0.5LiFePO4/0.5Li3V2(POs4)3 composites using MA
in AGO-2 planetary mill by the joint carbothermal reduction of Fe2Os and V,0Os in a mixture
with Li>CO;3 and (NH4)2HPOs. Carbon, used as a reducing agent, hindered the sintering of the
product particles, while its excess was used to form an electronically conductive carbon coating.
The activated mixture was annealed at 750 °C in an Ar flow. The amount of carbon in the final
material was ~ 5%. The XRD pattern of the final product showed two sets of reflections
belonging to the LiFePO4 and LizV2(POs)3 phases, which is an evidence that the solid solutions
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do not form in the whole (but only limited) concentration range in the LiFePOs-LizV2(POs)3
system (Fig. 6). No impurity phases were detected. According to the Rietveld refinement, the
LiFePO4 component in the composite is characterized by the presence of ~4% of Li vacancies
and about ~4% of V3 ions substituted for Fe?*. The Modssbauer spectrum of the
0.5LiFePO4/0.5Li3V2(PO4)3 composite is well fitted by a symmetric doublet originated from the
octahedral Fe?* ions in the olivine structure (Fig. 7). A small additional doublet corresponding to
~4% of Fe ions with different electronic configuration has been also detected. SEM results
evidence that the composite consists of near-spherical nanosized particles (an average particle
size of about 100-200 nm) with a narrow size distribution, while larger rod-shaped particles are
observed for pure Li3V2(POs)3 due to low crystallization temperature, thus pointing that LiFePOs
and Li3V2(POs)s hinder the crystal growth of each other particles upon heating.
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Figure 6. Multiphase Rietveld refined XRD Figure 7. *"Fe Mdssbauer spectrum of the
pattern of the 0.5LiFePO4/0.5Li3V2(POy)3 0.5 LiFePO4/0.5Li3V2(PO4)3 mechanocomposite.

mechanocomposite.

Electrochemical behavior of the composite was studied within the 2.5-4.3 V voltage
range at (J10-20C charge-discharge rates. As it is seen from Fig. 8a, the cycling curves have
four plateaus corresponding to the following redox pairs: Fe>*/Fe* (below 3.4 V) and V3*/V4H5*
(above 3.4 V). According to dQ@¥d V vs. voltage plots, a fine mixing of two components at the
nanolevel does not change the potentials of the Fe?*/Fe** and V3*/V#+>* redox couples [15] as it
was observed in the mixed olivine-structured solid solutions [16, 17]. The composite shows an
excellent charge-discharge reversibility as compared with the individual components starting
from 130 mA h g! at (710 rate to 70 mA h g! at 20 C(Fig. 8b).

The mechanism of phase transitions upon charge and discharge of the composite was
studied by /n situ synchrotron diffraction using a polyamide cell described elsewhere [18]. Figure
9 shows a set of diffraction patterns of the 0.5LiFePO4/0.5Li3V2(POs4)3 composite upon its charge
to 4.8 V. It is seen that the process is accompanied by the successive phase transitions: LiFePO4
— FePOs; LisVa(POs)3s — LiasVa(POs)s — LiaVa(POs)3s —  LiVa(POs)3 —  Va(POs)s,
characteristic of the individual components. The enhancement of the electrochemical
performance of the composite should be attributed mainly to the fine mixing of LiFePOs with
LizV2(POs)3 rather than to the doping of V in the host lattice of LiFePOs, and due to higher
lithium diffusion arose from the presence of LizV2(POs)s with the open Nasicon-type structure.
The increase of a number of voltage plateaus and the mean intercalation voltage should be
advantageous for improvement of the cell performance of LiFePOs.
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Figure 8. Charge-discharge profiles (a) and specific capacity vs. cycle rate plot (b) for the
0.5LiFePO4/0.5Li3V,(PO4)3 mechanocomposite.
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Figure 9. A set of XRD patterns obtained during the charge of the 0.5LiFePO4/
0.5Li3V(POy); composite by in situ synchrotron diffraction (1=0.20727 A).

LiVPOsF/LizV2(POs4)3 composites

Lithium vanadium fluorophosphate LiVPO4F with a triclinic structure (space group PI) is
a promising high-voltage cathode material [19]. However, the synthesis of LiVPO4F is poorly
reproducible. In the present work, LiVPO4F was synthesized by annealing the activated mixture
of VPO4 with LiF [20].
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Figure 10 shows i situ XRD patterns collected under heating and cooling the activated
mixture of VPO4 with LiF in a temperature-controlled chamber of a Bruker diffractometer. It has
been found that LiVPO4F is formed and crystallizers upon heating up to 500 °C. At temperatures
above 600 °C and under slow cooling, LiVPO4F decomposes to LizV2(POs)3 and V20s. In the
further experiments, LiVPO4F was prepared by heating the activated mixture followed by a
quick (Sample A) or slow (Sample B) cooling to room temperature.

® VPO,

* LIVPOF [Barker, 2007]
= - LiV,(PO,),

¢ -VO
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Figure 10. In situ XRD patterns of the products formed in the VPO4+ LiF activated mixture
under heating and cooling in a temperature-controlled chamber of a Bruker diffractometer.
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Figure 11. Rietveld refined XRD patterns of phase-pure LiVPO4F (a) and the
LiVPO4F/Li3V,(PO4)3; composite (b).

Rietveld refined XRD patterns of thus-prepared LiVPO4F samples are shown in Fig. 11.
The diffraction data of Sample A were successfully refined using the LiFePO4F triclinic structure
with the space group PI as a refinement model [21]. The LiVPO4F structure comprises a three-
dimensional framework built up from POs tetrahedra and VOsF octahedra with the oxygen
atoms shared between POs and VO4F,.. The refined lattice parameters of Sample A are as
follows: 4=5.299(2) A, £7.2402) A, =5.163(1) A, =107.890(3)°, [=98.482(3)°,
7=107.529(3)° and lattice volume, V=173.3(1) A3 (Ry=5.91 %, R=4.59 %, »*=1.712). XRD
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pattern of Sample B is less intensive and indicates that this sample consists of two well
crystallized phases: of the triclinic LiVPOsF with a space group Pl and the monoclinic
LizV2(POs)3 with a space group P2i/n. The calculated lattice parameters of the main LiVPOsF
phase are slightly different from those of Sample A: 4=5.296(1) A, 5=7.250(1) A, ¢=5.193(1) A,
a=107.72(2)°, f=98.63(1)°, y=107.49(1)° and cell volume, V=174.63(7) A3 (R\=5.67 %,
Ry=4.36 %, 7*=1.822). The parameters of the impurity LisV2(POs); phase are close to those
reported in literature: #=8.603(3) A, 5=8.589(3) A, c=12.037(4) A, 5=90.27(6)°, and cell volume,
V=889.4(5) A3. The mass content of LiVPOsF and LizVa(POs); determined by multiphase
Rietveld refinement is 85 wt.% and 15 wt.%, respectively. The appearance of LizV2(POs); in
Sample B is due to volatilization of VF3 at longer calcination of the reactive mixture according to
the following reaction, first proposed by Barker [22]:

3LiVPOsF — VF; + Li3V2(PO4)3 (D

In the HRTEM image of Sample B, a grain boundary of crystalline LizV2(POs)3 and
LiVPO4F has been clearly observed [20]. The determined interfacial distances from FFT were as
follows: @20=0.3 nm and d>1=0.36 nm for LizV2(POs)3; d10=0.48 nm and di-»=0.33 nm for
LiVPOsF. Thus, LiVPOsF and LizV2(POs)3 microcrystals well inset into each other resulting in
the nanodomain composite formation, rather than a simple microscopical mixing.

Figure 12 shows the cycling voltage profiles and the corresponding differential capacity
plots in the 3.0-4.5 V range for two LiVPO4F samples prepared by quick and slow cooling.
Sample A shows a too-step charge profile, while the insertion curve has only one plateau.
Correspondingly, two sharp and well defined oxidation peaks are observed on the dQ@dV vs.
voltage plots at 4.25 V and 4.30 V, indicating two distinct but energetically similar reactions.
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Figure 12. Charge-discharge profiles of phase-pure LiVPO4F and the LiVPO4F/Li3V,(PO4)3
composite (a) and the dQ/dV'vs. voltage plots (b) in the 3.0-4.5 V range at C/10 rate.

76 - Ceramic Materials for Energy Applications V



Avenue towards the Development of New Nanostructured Composite Cathode Materials

The charge voltage plateaus may be subdivided into two compositional regions with a bend at
the voltage of ~4.275 V with x;~0.338. The Li insertion in Sample A is characterized by a single,
sharp and well-defined differential capacity peak, located at 4.21 V vs. Li/Li*. On the contrary, a
slightly sloping profile is observed instead of plateau for Sample B. The reduction peak at ~4.23
V on the dQ/dV vs. voltage plot becomes broader and less intensive than that for Sample A.
Moreover, the additional redox peaks are also observed at lower voltages (3.59, 3.68 and 4.08 V),
which are well attributed to the Li3V2(POs); phase, corresponding to the XRD results. The
authors [23], based on 7n situ X-ray and neutron diffraction data, proposed the formation of the
Lios7VPO4F intermediate composition between LiVPOsF and VPO4F, responsible for the
existence of two separate voltage plateaus on charge. Upon discharge, a single two-phase
reaction takes place between VPO4F and LiVPO4F without the occurrence of the intermediate
Lio.67VPO4F phase.

The samples A and B showed a high discharge capacity of 132 and 125 mAhg?!,
respectively, in the 3.0-4.5 V range, and a low degree of cell polarization as evidenced by the
level of voltage hysteresis and an excellent long-term stability with the exceptionally low-
capacity fade characteristics [20]. Low polarization is likely due to a facile ionic transport in the
tavorite-type lattice. According to Fig. 13, both samples are capable for a high-rate performance.
There is a relatively insignificant discharge capacity ‘penalty’ when the rate was increased from
d10 to C indicating that the high-rate capability of LiVPO4F is superior to the other polyanion
active materials such as LIMPOs (M=Fe, Mn). An increase in the IR drop becomes noticeable at
higher C rates and is more pronounced for Sample A. The better high-rate performance of
Sample B (LiVPO4F/Li3V(POs4)3 composite) can be attributed to the presence of a fast ionic
conductor, LizVy(POs)s;, which improves the ionic transport of the as-prepared composite
cathode material. The estimated amount of LizVa(POs)s in Sample B from charge-discharge
capacity plots (Fig. 12) is about 10 %, which well corresponds to the XRD multiphase
refinement.
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Figure 13. Charge-discharge capacity vs. cycling rate (C/10 — 10 C) plot for phase-
pure LiVPO4F and the LiVPOsF/Li3V2(PO4); composite in the 3.0-4.5 V range.

Thus, the phase composition of the LiVPOsF-based materials, prepared by
mechanochemically assisted solid-state synthesis from VPO and LiF, strongly depends on the
sintering temperature and heating/cooling rates. In the case of quick cooling, a single-phase
material is obtained, while in the case of slow cooling, LiVPO4F/Li3V(POs); composites are
formed. Such composites are characterized by insertion of the nanocrystals of LiVPOsF and
LizV2(PO4)3 into each other resulting in a nanodomain structure formation. Contrary to plateaus
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observed on charge-discharge curves of LiVPO4F, the LiVPO4F/LisV2(POs)s composites show
the sloping profiles and better high-rate performance attributed to a synergistic effect and high
ionic conductivity of LizV(POs)3.

Surface modified LiCoO»

Recent researches demonstrate the importance of surface structural features on the
electrochemical performance of electrode materials for lithium-ion batteries. It was found that
the surface coating of the cathode materials (LiCoO», LiNiOz, LiMnxOs) can prevent their direct
contact with the electrolyte solution, suppress side reactions, improve chemical and structural
stability, even at extended cell voltage [24]. Simultaneously, other effects are observed such as
suppression of the dissolution of Mn?*, higher conductivity, removal of HF from electrolyte
solution, etc. After effective coating, the noticeable improvements in the electrochemical
performance of the electrode materials including the increased reversible capacity, the enhanced
cycling behavior and high rate capability can be achieved. However, the mechanisms of
protection are still remaining open.

Surface modification is usually realized by wet chemical methods (such as precipitation
solution method; sol-gel; micro-emulsion; Pechini method) or physical methods (pulsed laser
deposition, plasma enhanced chemical vapor deposition, gas suspension spray, radio frequency
magnetron sputtering). In the present study, we used the solid state solvent-free mechanical
activation (MA) method for the surface modification of LiCoO» by the simple oxides (Al>Os,
TiO>, MgO and LirO-2B>03) [25-27]. The commercial LiCoO, was ground with the
correspondent solid precursors in AGO-2 planetary mill and then heat treated at moderate
temperatures. LiCoO, was coated with 1-5 % of ALOs, TiO;, MgO and Li>O-2B>0s, using
Al(OH)3, TiO xH,O, Mg(OH); and a mixture of LiOH with H;BO; as the precursors.

Figure 14 shows SEM images of pristine LiCoO» and LiCoO: coated with Al>,O3 (as an
example) using MA and the precipitation solution method for the comparison. The particles of
pristine LiCoO, were about 5-10 pum in size and nonporous with smooth facets. Surface
modification by MA method led to formation of nanoparticulate uniform coating comparable
with that prepared by the solution method. According to XRD, no detectable changes were found
in the cell parameters of LiCoO: after the coating process (MA + heating at 400 °C) evidencing
that the particle bulk is free from dopants and indicating that the coating oxides either form solid
solution on the surface of the particles or present in amorphous or nanoparticulate state.

Figure 14. SEM images of pristine (a) and Al,Os-coated LiCoO; prepared by solution (b)
and by MA (c) methods.

The surface of the pristine and the coated samples of LiCoO» was analyzed by XPS
before and after Ar*-ions etching for 30 min with energy of 2.4 keV [26]. In the XPS CoZp core-
level spectra, two sharp CoZps.2 and CoZp;.» peaks and two low-intensive shake-up satellites are
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observed. Such spectrum is a characteristic of LiCoO» with Co’* ions. For the coated LiCoO»
samples, Mg 7s, TiZps», AlZs, Bls and O/s spectra were recorded. In the B /s spectrum of the
Li>O-2B»0; coated sample, a sharp line at 192.2 eV is observed, while an intensive peak at 531.9
eV with a weak shoulder at 530 eV is present in the O /s spectrum. These data are very close to
those published for B2Os (192.4 eV for B/s and 531.7 eV for O/s). Atomic ratio [B]/[Co] is
equal to 20 and decreases to 0.5 after Ar etching evidencing that boron compound is located
preferably on the surface. In the MgO-coated LiCoO, spectrum, the binding energy of Mg/s is
equal to 1302.9 eV, characteristic of Mg?* ions. In the spectrum of O/s, three lines at 529.2,
531.3 u 532.8 ¢V are observed. The first line can be assigned to oxygen in MgO and LiCoOs.
The binding energy of Mg /s and O Zs in MgO correspond to 1303.6-1304.2 and 530.5-530.6 ¢V,
respectively. The line at 532.8 eV is characteristic of Mg(OH)2. Atomic ratio [Mg]/[Co] is equal
t0 0.72 and decreases to 0.26 after Ar etching. In the TiZps. spectrum of the TiOx-coated LiCoO»
sample, a symmetric peak at 458.4 eV is observed. It is close to the value found for TiO, (458.3-
458.7 eV). Atomic ratio [Ti]/[Co] is equal to 0.86 and decreases to 0.27 after Ar etching.
Because of partial overlapping of CoJ3p and AlZp spectra, the AlZs spectrum is preferable for
quantitative analysis and determination of a chemical state of Al. The XPS AlZs core-level
spectrum of the coated sample represents a symmetric peak with a maximum at 118.210.1 eV
typical for AI**. However, it differs from that of a-Al>O;. The closer value was observed, for
example, for AIOOH with Al ions in disordered octahedral coordination. Atomic ratio [Al]/[Co]
is equal to 0.2 and sharply decreases to 0.05 after Ar etching.

2TAl MAS NMR spectrum of the LiCoO,/Al>O3 sample prepared at 400 °C consists of the
intensive asymmetric peak with a maximum at 4.8-6.2 ppm and two less intensive ones at ~55-
56 and ~61-62 ppm (Fig. 15) [27]. Areas of these two signals correspond to 2.6:1. On the other
hand, a spectrum of the 800 °C-sample has no peak near 0 ppm, but has a series of peaks with a
regularly changed intensity located in the range of 26-62 ppm with an interval of about 7 ppm:
25.9 ppm, 32.6 ppm, 40.2 ppm, 47.2 ppm, 54.7 ppm, 61.4 ppm, similar to those observed for the
LiCo1xAlLO> solid solutions. These peaks were assigned to [Al]on with different next-nearest-
neighbor environment of the resonating Al ions ranging from 6 to 0: 20 ppm (0Co6Al), 28 ppm
(1Co5Al), 35 ppm (2Co4Al), 42 ppm (3Co3Al), 48 ppm (4Co2Al), 55 ppm (5Col Al), 62.5 ppm
(6Co0Al). Thus, it can be concluded that the ‘shell’ of the 400 °C-sample consists of the
amorphous aluminium oxyhydroxide. However, the initial chemical interaction between the
‘core’ and the ‘shell’ already occurs, making the coating more adherent. As the temperature
increases up to 800 °C, all aluminum ions diffuse into the surface layer of LiCoO» particles,
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Figure 15. 27 Al NMR spectra of the AlOs-coated Figure 16. Specific discharge capacity of pristine and
LiCoO; samples annealed at 400 (1) and 800 °C (2). coated LiCoO; vs. cycle number in the 3-4.5 V range.
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substituting for Co and forming the LiCoi.yAlyO» solid solution. Thus, the degree of chemical
interaction between the ‘shell’ and the ‘core” depends on the temperature of heat treatment and
results in different thickness and composition of the ‘shell’.

Electrochemical testing shows an improved cyclability in the 3-4.5 V range and a
significant increase in discharge capacity (> 150 mAh/g) for LiCoO» coated with Al>O3, TiO,
MgO and Li>O-2B203 (Tsynn. =400 °C) as compared with the pristine LiCoO, (Fig. 16). Perhaps,
the amorphous surface layers are favorable for Li*-diffusion, superior to more crystalline layers,
and the coating brings to surface stabilization by smoothing the active edge surfaces and
removing the surface active centers.

LiMO: (M=Co, Ni)-coated LiMn,O4

LiMn2Os is a very promising cathode material with economical and environmental
advantages over the layered compounds such as LiCoO» and LiNiO». A good thermal stability of
LiMn;Oy4 is a positive factor for its use in LIBs for electric vehicles. However, LiMn>Oy exhibits
a severe capacity fade at the elevated temperatures and insufficient rate capability due to lower
electric conductivity as compared with LiCoO: (10 vs. 10> S cm™). To enhance rate capability,
the coating of LiMmOs with LiMO, (M = Co, Ni) by different coating technique has been
investigated [28]. In the present study, we used a facile and convenient solid state
mechanochemical process to modify the surface of LiMn,Os.

To prepare LiMnyO4 surface-modified with 1-5 % of LiCoO, and LiNipgCo00.20,, the
initial spinel was ground in an AGO-2 mill using the mixtures of solid LiOH with Co(OH)» or
Nio.sCoo2(OH)> in the correspondent ratios and then heat treated at 400-750 °C [29]. Figure 17
presents SEM images of spinel before and after coating. The particles of pristine LiMn,Oy are
about 0.5 pm in size with cubic form and nonporous. The coating process using MA leads to
decrease in particle size up to ca. 100 nm similar to the solution precipitation method.

Figure 17. SEM images of pristine (a) and LiCoO»-coated LiMn,O; by solution (b)
and by MA (c) methods.

According to XRD, the lattice parameter of the coated LiMn,Os4 decreases from 0.8242
nm to 0.8231 nm for the Li-Co-O coating and to 0.8232 nm for the Li-Ni-Co-O coating after
annealing at 400 °C and then increases to 0.8236 and 0.8237 nm, respectively, after annealing at
750 °C. XPS data show that the main oxidation state of the cobalt and nickel ions is 3+. The
intensity of the CoZpsz and NiZps» peaks decreases with the annealing temperature and after Ar
etching. The MnZps» peaks in the spectra of the coated samples become wide and slightly
asymmetric. A shoulder at low binding energy evidences the presence of both Mn** and Mn**
ions. However, the modification of LiMn,Os results in a decreased surface concentration of Mn**
ions. As the annealing temperature increases, the [M]/[Mn] ratio decreases. After Ar etching, it
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noticeably decreases for the samples annealed at 400 °C, while it keeps practically unchanged for
the samples treated at 750 °C, indicating that the formation of Co- and Ni-rich ‘shell’ occurs at
the moderate temperatures, while diffusion of the ‘shell’ ions (especially, Ni ions) into the bulk
takes place at the elevated temperatures.

The LiCoO» and LiNipgCoo20:-coated spinel electrodes show two plateaus during
charge-discharge, characteristic of LiMn,Os; good cycling stability and improved high-rate
capability as compared with pristine spinel (Fig. 18). It might be supposed that these
improvements are due to a decrease in the particle size and better electronic and ionic transport at
the modified surface electrolyte interface.
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Figure 18. Specific discharge capacity of pristine and
coated LiMn»Os vs. the cvcle rate.

CONCLUSION

Thus, we proposed a new avenue towards the development of novel nanostructured
composite electrode materials with more balanced characteristics as compared with the
individual components using a high-energy solid-state mechanical activation.
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COMPARATIVE STUDY OF POLYSULFIDE ENCAPSULATION IN THE DIFFERENT
CARBONS PERFORMED BY ANALYTICAL TOOLS

Manu U. M. Patel and Robert Dominko
National Institute of Chemistry, Hajdrihova 19, SI-1000 Ljubljana, Slovenia

ABSTRACT

Despite the great efforts made for encapsulating sulfur particles with conducting materials, such
as carbon black, in order to limit polysulfide diffusion in lithium-sulfur (Li-S) battery, the rapid
degradation of Li-S batteries still occurs. The influence of the surface area and the porosity of the
host carbon matrices on the battery performance, the active material utilization and the
encapsulation of polysulfides are not fully understood. In this study, by using carbon host matrices
with three different surface areas, we show the influence of host matrices on the Li-S battery
performance. Analytical techniques, including UV-Visible spectroscopy and 4-Electrode
Swagelok cells, were employed to study polysulfide diffusion from the cathode composite. Our
studies revealed that the presence of high surface area host carbon can enhance the performance
of the battery via the efficient utilization and encapsulation of sulfur and lithium polysulfides

although complete encapsulation cannot be achieved.

INTRODUCTION

Sulfur is considered as a potential cathode material because of its high theoretical capacity of 1672
mAh g! and energy density of 2500 Whkg™!. The high capacity is based on the conversion reaction
of sulfur to form lithium sulfide (Li>S) by reversibly incorporating two electrons per sulfur atom,
compared to one or less in the transition-metal ion insertion-oxide cathodes that are in use today.
This electrochemistry of sulfur can provide threefold to fourfold greater energy density over
conventional cathode electrode materials.! Researchers have been studying lithium-sulfur (Li-S)
battery systems for two to three decades but commercialization and practical applications have not
been possible. However, recently there has been a significant improvement in Li-S battery
performance, due to the development of novel cathode materials, electrolytes and separators.>$
Sulfur/carbon, sulfur/polymer and nanostructured composites are some of the dominant types of
composite cathodes in Li-S batteries that have shown promising performances with high capacity,
enhanced rate capability, and long-term cycle stability>**. Electrolytes with the desired properties

and different types of additives also have played a somewhat significant role in solving the
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problems of Li-S batteries.> In addition, carbon interlayer’, functionalized interlayer® and ion-
selective membranes® have significantly improved the cycling performance of Li-S batteries.>?
The mechanism of sulfur reduction in the Li-S battery can be divided into three regions. High
voltage plateau corresponds to the conversion of sulfur into long chain polysulfides which are
soluble in the electrolyte. This is followed by transition from high voltage plateau to low voltage
plateau (at 2.1V), where long chain polysulfides are reduced to shorter chains (so called liquid -
liquid equilibrium) and finally third region is low voltage plateau which corresponds to reduction
of polysulfides to short chain and constant precipitation of Li>S (so called liquid — solid
equilibrium). Formation of soluble polysulfides and concentration gradient inside the cell is the
major factor for fast capacity degradation. One of possible directions for preventing polysulfide
diffusion is encapsulation of sulfur.

In order to effectively encapsulate the sulfur and its redox products formed during battery
operation, the most studied and used host matrix has been carbon.>> One of the important reasons
for using carbon as a host to encapsulate sulfur and its intermediate products is it is a highly
conductive material, which is essential in the case of Li-S batteries as sulfur and intermediate
polysulfides are electronic insulators. The other reasons for using carbon include the possibility of
adapting the surface area, shape, size and porosity (macro-, meso- and microporous) depending
upon the particular electrode requirement.'®-!!1213 Based on these criteria, much research has
recently been done on carbon-based electrode materials for Li-S batteries.

In this study, we consider carbon blacks with different surface areas as host matrices to encapsulate
sulfur and its intermediates, and we monitor the electrochemical performance of these cathode
electrodes. Electrochemical measurements of electrodes, which were prepared by mixing carbon
blacks of different surface areas, will be considered in order to determine how the mixing of two
carbon blacks with different surface areas affects battery performance. The carbon composites
with different surface areas were analyzed for their polysulfide encapsulation properties by
employing UV-Visible spectroscopy'® (UV-Vis) and 4-electrode Swagelok cell'> analytical
techniques.
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EXPERIMENTAL

Preparation of cathode composites by using carbon blacks of different surface areas

Four types of carbon black samples with different surface areas were used in this work. The carbon
black MAXSORB (denoted as MAX) with the highest surface area of 3000 m> g”! was obtained
from Kansai Coke and Chemicals Japan. Carbon black PRINTEX XE2 (denoted as PRX) with a
surface area of 950 m? g'! was obtained from Degussa. Vulcan (denoted as Vul) carbon black with
a surface area of 250 m”> g'! was obtained from the CABOT Corporation and Super C65 (denoted
as Tim) carbon with a surface area of 60 m? g"! was obtained from TIMCAL.

All the obtained carbon black samples were used to make composites with sulfur. A weight ratio
of 1:1 of the abovementioned carbon blacks and sulfur was balled milled for 30 minutes at 300
rpm. The obtained mixtures were then heated to 155 °C for 6 hours in an argon atmosphere to
encapsulate sulfur in the carbon black. After cooling to room temperature, the samples were
recovered and the quantitative content of S was checked via elemental analysis (CHNS). The

presence of 4850 wt.% of sulfur in the composites was confirmed in all the composites.

Preparation of electrodes from the composites

Electrodes were prepared by making a slurry of composites, Polyvinylidene fluoride binder
(PVdF) and carbon black (the same carbon black used for the preparation of respective composite
was used as additive carbon while preparing the electrode) in N-Methyl-2-pyrrolidone solvent with
a wt.% ratio of 85:7:8, respectively. The slurry was then cast on the surface of aluminum foil,

using the doctor blade technique. The obtained electrodes were dried and used further.

Battery assembly and electrochemical characterization

Dried electrodes were used to assemble coffee bag batteries in an argon-filled glove box, where 1
M lithium bis(trifluoromethanesulfonyl)imide (LiTESI) in sulfolane was used as electrolyte. Pure
lithium metal foil was used as anode electrode. The sulfur loading was 1.5-2.5 mg cm?> among the
electrodes. Electrodes were separated with a glass fiber separator (Whatman 150) and the amount
of electrolyte used in all experiments was normalized per active mass at 75 pL per mg of S.
Galvanostatic cycling was performed at room temperature by using a Bio-Logic VMP3
instruments with a current density of 167.5 mA g in the potential window between 3 V and 1.5
V versus metallic lithium at C/10 rate. Coulombic efficiencies for the measurements were
calculated as a ratio between discharge capacity and charge capacity obtained from previous

charging.
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In operando UV-Vis battery assembly and characterization

The pouch polymer bag with a sealed glass cover'* was used to prepare the in operando battery.
The configuration of the assembled battery was as follows: a glass fiber separator was placed onto
the surface of the cathode, and this separator was wetted with a quantified amount of electrolyte
per 1 mg of S in the electrode. The lithium foil with a hole was placed on the separator, and the
sandwich was then sealed inside the pouch polymer bag cell in a vacuum sealer in such a way that
there was no lithium present between the glass cover and the cathode that was present below the
separator; therefore, the UV-Vis spectra could be obtained without any interference. This
configuration enabled the detection of polysulfides in the separator of the battery. The cell was
then attached to a UV-Vis spectrometer (Perkin-Elmer Lambda 950) in such a way that the UV
light was directly focused on the glass cover of the cell; the whole setup was completely covered
by a thick black plastic bag to avoid interference of the light from the surroundings. After taking
the initial spectra of the battery, the cycling of the battery was started by using a potentiostat
(Biologic SP-200). The batteries were cycled at a rate of one electron C/20 for one complete cycle.
Spectra were recorded at a frequency of every 15 minutes in the reflection mode during the battery

discharge/charge.

4-Electrode Swagelok cell cathode preparation, cell assembly and measurements

The obtained composites from MAX, PRX and Vul were mixed with corresponding carbon black,
from which the composite was prepared in a weight ratio of 9:1 before being used as electrodes
for 4-electrode cell measurements. In our work, we used stainless steel and platinum wire as
electrodes to measure cyclovoltammograms in the 4-electrode Swagelok cell. The batteries were
assembled using two glass fiber separators in such a way that the aforementioned stainless steel
and platinum wire came between these two glass fiber separators. Separators were wetted with a
quantified amount of electrolyte depending upon the mass of S in the composite. Lithium foil was
used as anode electrode and a known weighed amount of cathode was taken in powder form
because no binder was used to make electrodes. An open circuit voltage (OCV) between the
stainless steel and platinum wires was typically 2.5 V. Electrochemistry in the 4-electrode cell was
tested simultaneously on two channels using a VMP3 galvanostat/potentiostat (Biologic, S.A.,
Claix, France). Before starting the reduction of sulfur, we measured the cyclovoltammogram
between stainless steel (working electrode) and platinum (counter electrode) wires with a scan rate

of 2 mVs! over the 2.5 V-0.5 V versus platinum reference electrode. During this measurement,
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the Li-S battery was on OCV mode; as soon as the CV scan was completed, the galvanostatic
measurement of the Li-S battery was initiated for 2 h with a current density corresponding to a
C/20 cycling rate. Measurements were repeated in this sequence until the battery reached the cut-

off voltage of 1V versus metallic lithium.

RESULTS AND DISCUSSION

The samples used in this study had different surface areas and pore volumes, as shown in Table 1.
We prepared mixtures of carbon host matrix and sulfur in a 1:1 ratio; electrodes used for
electrochemical characterization were prepared in the same manner; all the batteries were cycled

at same C-rate and room temperature.

Table 1 Types of carbon blacks used their surface areas and pore volume.

Serial
Number Carbon Black name Pore volume Surface area
) MAXSORB (Max). 179 cm’/100mg 3000 m /g
ii. PRINTEX XE2 (Prx). 380 cm’/100mg 950 mz,g
iii. Vulcan (Vul). 180 cm?/100mg 280 m2/g
iv. Super C65 (Tim) - 60 mz/g

In our experiments, we used batteries that had electrodes prepared by using only one type of carbon
black, i.e. the carbon used in the preparation of composite is same as the carbon used for improving
conductivity. The capacities obtained from all the battery measurements are shown in Figure 1. By
increasing surface area of the carbon black, the capacity obtained from the battery also increased

considerably. However, there was not much difference in obtained coulombic efficiencies.
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Figure 1. Discharge capacity (left axis) and columbic efficiency (right axis) from the composites prepared
by using carbon black with different surface areas.
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The lowest capacity was obtained from the carbon black with the lowest surface area, i.e. 60 m> g
!. The average capacity increased from 200 mAh g'! to 450 mAh g! when the surface area of the
carbon black was increased from 60 m? g'! to 250 m? g'!. The average capacity obtained in the case
of carbon blacks with high surface areas of 900 m? g'! and 3000 m? g! was 600 mAh g'. The
obtained capacities from the high surface area carbon blacks show that once the surface area of the
host carbon matrix reached a certain point, there was no influence of surface area on the obtainable
capacity. The possible reason for this could be that once the surface area required for the
electrochemical reaction (conversion of Sg to lithium polysulfides) reaches a certain point (around
1000 m? g'!), the surface area may not influence the obtainable capacity from the battery. Another
explanation could be in the very similar overall porosity of both samples. However, increasing
surface area may have some effect on adsorption or encapsulation of the dissolved, diffusing
lithium polysulfides. This, in turn, may have an influence on the battery cycle life as well as on the
battery performance.

The electrochemical charge/discharge curves from the selected cycles of the carbon black/S
composites were examined. We did not consider the Tim carbon electrochemistry as the obtained
capacity was very low. It can be seen that the electrode with Vul carbon black, which had a low
surface area, started to deteriorate soon after the first cycle Figure 2a.

The capacity obtained from the high voltage plateau dropped from 400 mAh g'! to less than 100
mAh g between the 1% cycle and the 10™ cycle. The capacity obtained from the high voltage
plateau almost remained the same between the 10™ cycle and the 100™ cycle. It can also be seen
from the electrochemical curves that, with cycling, the capacity obtained from the low voltage
plateau starts to decrease rapidly along with the increasing polarization. In the case of PRX carbon
(Figure 2b) the capacity obtained at the high voltage plateau dropped from 350 mAh g to
150 mAh g! between the 15 and the 10™ cycle. The capacity obtained from high voltage plateau
after the 10™ cycle remained the same throughout cycling, which was similar to the Vul carbon
electrode. However, the polarization of this electrode was slightly better in comparison to Vul
carbon. The MAX carbon, in contrast, had an initial capacity of the high voltage plateau of 400
mAh g, and the capacity dropped by 200 mAh g'! between the 1%t cycle and the 10™ cycle. The
difference between MAX electrodes (Figure 2¢) and other electrodes starts to appear only after the
10™ cycle. As can be seen, the capacity obtained from the high voltage plateau of MAX carbon
was above 200 mAh g! between the 10™ and the 100™ cycle. The increase in polarization was the
least when compared to the other two electrodes. The increase in 100 mAh g! capacity in the high
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voltage plateau was an indication that the MAX carbon with a high surface area was able to retain
the polysulfides more efficiently than the other two electrodes.

To better understand the observed differences in the electrochemical signatures, we performed an
analysis of the composite electrodes prepared from different surface area carbon matrices by using
analytical techniques: UV-Vis spectroscopy and a 4-electrode Swagelok cell.

At first, in operando UV-Vis spectroscopy was used to analyze the electrodes prepared from
composites using different surface areas. Figures 3, 4 and 5 shows the UV-Vis spectra obtained
from the in operando measurements of all three types carbon composites with different surface
areas.

The obtained spectra were in agreement with our other previous 7n operando measurements.'
Initially, we did not observe any absorption shift from the separator of the battery as there was no
polysulfide in the separator. With the electrochemical reduction of sulfur and the expected
appearance of polysulfides, we observed the formation of the shift of the absorption edge towards
higher wavelengths. With continuous discharge, the absorption was moved to shorter wavelengths
(shift of colors in Figures 3a, 4a and Sa from red to green to blue), suggesting the formation of
polysulfides with shorter chain lengths. The opposite shift in the absorption curve can be observed
during the battery charging (Figures 3b, 4b and 5b).

20

a)

T T
Start 1" Discharge

@

Reflectance / %
ARRRNANRNE &

s

m
3
a

-
&

-
=

Derivative of reflectance
o
=

Figure 3. UV-Vis spectra measured /n operando mode during the 1% cycle of the Li-S battery with MAX/S
composite and 1 M LiTFSI in sulfolane electrolyte: a) all spectra measured during discharge, b) all spectra
measured during charge, and c,d) corresponding first-order derivatives of the UV-Vis spectra (the color
change in all figures from the start to the end is from red through green to blue).
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An even clearer picture of the dynamics within the separator can be obtained from the first-order
derivatives (Figure 3¢ and 3d, Figure 4c and 4d and Figure 5c and 5d) of the measured UV-Vis
spectra. A continuous shift of the derivative peaks from high to short wavelengths can be observed
in all the measurements form the composites. We focused on the wavelength range between 650
and 400 nm, because we observed changes in the derivative peak position in this region. The major
positions of derivative peaks were in agreement with the peaks observed from the derivatives of

catholyte solutions of sulfolane, as previously reported. 141
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Figure 4. UV-Vis spectra measured /n operando mode during the 1% cycle of the Li-S battery with PRX/S
composite and 1 M LiTFSI in sulfolane electrolyte: a) all spectra measured during discharge, b) all spectra
measured during charge, and c, d) corresponding first-order derivatives of the UV-Vis spectra (the color
change in all figures from the start to the end is from red through green to blue).

All the three measured UV-Vis spectra looked relatively similar to each other. However, they did
show some significant differences when we performed deconvolution of the obtained spectra. Our
focus was on the qualitative and quantitative determination of polysulfides, which can provide us
information about the mechanism of polysulfide formation and diffusion in the presence of
different host matrices. The deconvolution of the obtained spectra was carried out as mentioned in

our previous work.'®
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Figure 5. UV-Vis spectra measured in operando mode during the 1* cycle of the Li-S battery with Vul/S
composite and 1 M LiTFSI in sulfolane electrolyte: a) all spectra measured during discharge, b) all spectra
measured during charge and ¢, d) corresponding first-order derivatives of the UV-Vis spectra (the color
change in all figures from the start to the end is from red through green to blue).

Figure 6 shows a comparison of polysulfide evolution in the separators of batteries with electrodes
prepared from three different composites. Batteries were measured at a cycling rate of C/20 during
the first discharge and charge. Deconvolution of the UV-Vis spectra measured in PRX, MAX and
Vul composites showed saturation of the electrolyte with long-chain polysulfides (recalculated
concentration from intensities at 570 nm) with a maximum concentration of ~14 mM, § mM and
12 mM respectively, at the end of the high-voltage plateau. With a continuous discharge, we
observed a decrease in the concentration for long-chain polysulfides and an increase of
concentration of mid-chain polysulfides (recalculated concentrations form intensities at 550 nm
and 510 nm). The concentration of mid-chain polysulfides reached values between 1.5-2 mM for
PRX, 0.75-1.5 mM for MAX and 1.5-4 mM for the Vul composite in the middle of the low voltage
plateau. After the evolution of mid-chain polysulfides, we noticed the increase of short-chain
polysulfides (recalculated concentrations form intensities at 490 nm and 470 nm), reaching the
maximum values of ~2 mM for PRX, 1.5 mM for MAX and 1.75 mM for Vul at the end of the
discharge.
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Fgure 6. Recalculated concentrations of short-, mid- and long-chain polysulfides detected in the separators
of the battery from three types of composites. The black line corresponds to the measurement with PRX
composite, the red line corresponds to MAX composite measurement, and blue line corresponds to
measurement with Vul composite with 1 M LiTFSI sulfolane electrolyte.

Based on the different modes of polysulfide formation in the composites used in this study, we can
correlate capacity fading with differences in the concentration of formation of long-chain
polysulfides in the separator. The higher diffusion concentration of polysulfides found in case of
the PRX- and Vul-based composites can lead to higher irreversible losses of active material on the
surface of the metallic lithium. We correlate this with faster capacity degradation in the battery
assembled with PRX and Vul composites. When comparing it to the MAX composite, we found a
minimum concentration of polysulfides in the separator at almost all potentials, starting from a
longer wave number to a shorter wave number, indicating better encapsulation of lithium

polysulfides because of its high surface area carbon, which led to better battery cycling.
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A 4-Electrode Swagelok cell was used as another analytical tool to make a comparative study of
the composites with different surface area carbon blacks to obtain further information about the
influence of high surface area on polysulfides encapsulation properties.

The results obtained from battery measurements are shown in Figure 7; the a,c,e (solid line) shows
the discharge curves in the first cycle, and the corresponding CVs measured during the battery
relaxation are shown in the Figure 7 b,d,f. A reduction peak at Up~1.8 V versus platinum is
observed at every CV measurement. An integration of this peak in the 2.25 V-1.5 V range gives
the cumulative charge, which is plotted in Figure 7 a,c,e (violet, green and blue spheres). The
results show that soluble polysulfides are formed at the beginning of the discharge, but diffuse at
the later stages of the discharge. The partial cumulative charge associated with the soluble
polysulfides increases slightly at the beginning, reaches the maximum at a nominal composition
of Lio4S, and then decreases gradually in the cases of Vul and PRX carbon composites.

However, it can be observed that the obtained cumulative charges of these batteries were different
from each other. In case of Vul carbon black (low surface area), we observe a gradual increase of
cumulative charge to 0.3 pAh at a nominal composition of Lip4S. After reaching the maximum
cumulative charge value at Lio4S, it starts to decrease; by the end of the discharge cycle, it reached
a minimum value of 0.1 pAh. This was an indication that the polysulfide that diffused into the
separator during the discharge did not completely return to the carbon matrix, and a relatively high
amount of polysulfides was left behind in the separator that resulted in the higher cumulative
charge of the battery. When we compared this with PRX carbon composite, the cumulative charge
reached a maximum value of 0.32 pAh at a nominal composition of Lig4S. Soon after this, with
continuous discharge, the cumulative charge sharply dropped almost to its initial state. This
demonstrates that even though the polysulfides diffused into the separator during the initial stage
of discharge, most of the polysulfides returned from the separator as they were encapsulated into
the carbon matrix. This shows that there was slight improvement in the encapsulation of

polysulfides with the increasing surface area of PRX over Vul carbon.

Ceramic Materials for Energy ApplicationsV - 97



Comparative Study of Polysulfide Encapsulation in Different Carbons by Analytical Tools

3
Ae)
3
2
2
=
1 1 1 Il 1 | 1 1
00 02 04 06 08 10 12 06 08 10 12 14 16 18 20 22 24
xinLi$ UV vs. Pt
]'I'I'I'[‘I'I'I'I'l)d 0.04
PRINTEX carbon composite &
3oft
Qe o3
g 25
5 <
7 102§ E
32 200 3
=
—0.1
150
@9, 0.01 :
1. 1 1 L 1 1 0 T T e e o i K
on B2l A as 0RO 32 H4 (18 06 08 10 12 14 16 18 20 22 24
xin Li 8 UV vs. Pt
35 T T T T T T
MAXSORB carbon composite

3.0| .
5 2]
= 4
3
g

20)
= 4
=

1.5|

1

" 1
0.0 02 0.4 06 08 1.0 1.2 14 06 08 10 12 14 16 18 20 22 24
xinLiS UMV vs. Pt

Figure 7. a,c.e) Electrochemical behavior during the first reduction of carbon/S composites with different
surface areas and cumulative charges obtained by the integration of individual CV scans. b,d,f)

Corresponding CV scans measured for each Ax= 0.1 change of composition in Li,S.

We consider the carbon composite with the highest surface area (MAX). While discharging the
battery, we did not see any increase in the cumulative charge because of the polysulfide diffusion
into the electrolyte. The cumulative charge remained almost unchanged throughout the discharge
cycle. This was an indication that the carbon black in this composite was able to encapsulate
lithium polysulfides more efficiently than the other two carbon black composites that were
measured earlier in this set of experiments.

We obtained similar kind of results from 7in operando UV-Vis measurements, which supports the
claim that high surface area of the carbon in the composite influences the S utilization and lithium

polysulfide encapsulation.
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CONCLUSION

Our comparative study indicates that the presence of a high surface area in the host matrix can
greatly influence the utilization of active material and the encapsulation of lithium polysulfides.
From the above set of measurements, it is clearly evident that for the electrochemical reaction to
occur in an efficient way, the surface area of the carbon black plays a somewhat significant role,
after which the presence of a high surface area may not influence the active material utilization. A
higher surface area plays a very important role in encapsulating the lithium polysulfides. The
presence of a high surface area definitely reduced the diffusion of lithium polysulfides, which
improved the overall battery performance and battery life, as seen in the above discussion. The
analytical tools used in our work also revealed the influence of a high surface area of the host
matrix on the polysulfide encapsulation properties. Both UV-Vis and the 4-electrode Swagelok
cells showed that the polysulfide diffusion declined to great extent with the increasing surface area
of the host matrix. Our work summarizes the advantages and influences of high surface area host

matrix in the Li-S battery cathode electrode.
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PERFORMANCE STUDY OF LI-ION BATTERY ELECTRODES DRIED USING INLINE
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ABSTRACT

The interaction of microwave energy (MW) with battery binders and coating materials can dry
the electrodes faster compared to conventional methods that are currently being used in the
battery industry. The main objectives of this study are (i) to obtain proof of concept of the BTU’s
hybrid microwave process with minimal microstructure damage, and (ii) to demonstrate an
acceptable coin cell performance prepared using MW dried electrodes. These electrodes were
microwave dried under various conditions before they were measured for rate performance and
cyclic testing. The moisture levels were measured using Karl-Fisher titration. The results
showed that the electrodes prepared using NMP solvent had a much lower moisture levels when
compared to electrodes prepared using an aqueous solvent. Presence of high moisture levels in

aqueous based electrodes did not show any significant effects in cell performance tests.

INTRODUCTION

One of the cost barriers of high performance lithium ion battery electrodes is the high electrode
processing costs in manufacturing!=. By 2016, the aim of U.S. Advanced Battery Consortium is
to reduce the plug-in hybrid electric vehicle battery cost to $200-$300/kWh®. Hence,
manufacturing of advanced lithium ion battery systems for hybrid electric vehicles and plug-in
hybrid electric vehicles are now driven towards development of low-cost design of electrode
architectures. By 2015, it’s aim to achieve $1700-$3400 for 100,000 PHEV units. Previously’1?,
studies have showed that processing steps towards higher performance has resulted in
considerable cost benefits. In this paper, we propose use of a controlled microwave dryer for
removal of water and organic solvents in both anodes and cathodes. As water, organic solvents
and other electrode compositions are highly susceptive to microwave energy in a selective
manner, this procedure could be very effective in terms of drying time and improved integrity.

The use of convection flotation drying technology to dry lithium ion battery electrodes

can be extremely expensive due to the energy intensity of the air flotation requirements and the
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operation of the solvent recovery system. In this study, we have conducted experiments towards
the possibility of using this new microwave hybrid technology as a substitute to convection
flotation drying systems that operates in air at atmospheric pressure. The footprint of the hybrid
microwave system is considerably smaller and operates with a much lower thermal budget. The

sequence of a Li-battery manufacturing process for prismatic cells would looks as follows:

Coil Patch Microwave Coating Cutto

Un-Winder Coater Dryer Compact S Length

Figure 1 Typical process sequence in a Li-battery manufacturing facility
MW HYBRID HEATING CONCEPT

Figure 2: Concept of microwave hybrid heating

In microwave hybrid heating''"!4, simultaneous delivery of both heat and electromagnetic
energy is entirely generated by one source, namely the microwave energy (Figure 2). This
hybrid effect not only offers uniform heating, but also maintains a fairly uniform microwave
field throughout the entire process zone. Since polar molecules in liquid can readily interact with
microwave energy, the drying process can be done quickly and effectively. Additionally, solid

compositions of the electrode can also interact with microwaves giving further boost to this

102 - Ceramic Materials for Energy Applications V



Performance Study of Li-lon Battery Electrodes Dried using Inline Microwave Hybrid System

heating technology'”. The equation for absorption by lossy materials'® in a microwave field is
expressed as

P = wley e tanS|E|? + pou,tang|H|?]

In the above equation, w = 2mf, where f is the microwave frequency, €, = 8.86 X 107'? F/'m
is the dielectric constant of free space, u, = 1.256 x 10® H/m is the permeability of free space,
€, is the relative dielectric constant of the material, y,. is the relative material permeability,
tand and tang are the loss tangents of the material in electric and magnetic fields. |E| and |H|
parameters in the equation represent the electric and magnetic field values that contribute to
heating. The first part of the equation belongs to the influence of electric field and the second

part of the equation refers to the influence of magnetic field.

EXPERIMENTAL PROCEDURE
a) Electrode Material Preparation:

All the electrode materials used in these experiments were prepared at the Battery
Division of Oak Ridge National Laboratory (ORNL). LiNio.sMno3Coo.2 (NMC532) cathodes and
graphite (Al2) anodes were coated via proto-type slot-die coater using both N-Methyl-2-
pyrrolidone (NMP) and aqueous solvents. The NMC532 cathode consists of NMC532 (Toda
America), carbon black (Denka), and binder(s) in the ratio of 90:5:5 by weight. The binders are
5130 Polyvinylidene Fluoride (PVDF) for NMP-based processing and Solex HPX-859 (Solvay
Specialty Polymers) and Carboxymethyl Carbonate (CMC) in 4:1 weight ratio for aqueous
processing. The A12 anodes are composed of 92 wt% Al12 Graphite (ConocoPhillips), 2 wt%
Super P Li (Timcal), and 6 wt”% 9300 PVDF (Solvay Specialty Polymers) for the NMP-based
processing. For the aqueous processed anodes, the 6 wt% 9300 PVDF binder was substituted by
4 wt% of Solex HPX-859 and 2 wt% CMC. The areal loadings were 14.6-16.6 mg/cm? for
NMC532-NMP electrodes and 11.0-12.5 mg/cm? for aqueous based samples, respectively. They
are 7.0-7.5 mg/cm? and 6.0-6.5 mg/cm? for the NMP-based and aqueous based A12 anodes.

b) Microwave Drying Process:

Microwave drying of battery electrode samples were carried out using a MW in-line
hybrid system'” shown in Figure 3a & 3b. This system has a wide temperature capability with a
very high degree of uniformity, even at elevated temperatures. However, for battery electrode

drying, the temperatures employed are usually below 200°C. In our case, drying of NMP- based
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electrodes did not exceed 125°C and drying of aqueous based electrodes did not exceed 80°C.
The temperatures in various zones of MW system were measured using multiple thermocouples
beneath the samples. The detailed description of the technical features of this system can be
found elsewhere!”. The drying times were controlled by the speed of belt speed and in these
experiments and varied anywhere from 25 min. to 105 min. After completion, the samples were

weighed, and rapidly transferred into a nitrogen filled glove box, then doubly sealed to prevent
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Figure 3: (a) BTU's inline MW system (b) Electrodes entering into the MW exposure zone
any moisture exposure. The performance studies were carried out at ORNL.

¢) Electrode Performance Tests:

Figure 4: Coin cells prepared using microwave dried electrodes

Characterization of residual moisture content in microwave dried electrodes and electrode
chemical performance evaluation were carried out at ORNL. The residual moisture was
characterized by Karl-Fisher (K-F) titration. During measurement, the samples were heated to
200°C to ensure the release of moisture from the samples. Electrode chemical performance was
evaluated in half coin cells (Figure 4) with lithium foil as the counter electrode. 1.2 M LiPFs in

Ethylene Carbonate/Diethyl Carbonate (3/7 wt) was the electrolyte and Celgard 2325 was the

104 Ceramic Materials for Energy Applications V



Performance Study of Li-lon Battery Electrodes Dried using Inline Microwave Hybrid System

separator. The tests were performed by potentiostats (MPG-2, Biologic) inside an environmental
chamber with constant temperature at 25°C. The voltage windows are 10mV-1.5V and 2.5-4.2V
for the A12 anodes and NMC532 cathodes, respectively. The battery tests include two parts: 1)
rate performance tests where the cells were cycled at various C-rates, from 0.05C to 10C with 5
cycles at each C-rate; and 2) cyclability where the cells were cycled at 0.2C/-0.2C and 1C/-2C
for 50 cycles, respectively. The C-rate was defined as 1C=160 mA/g for NMC532 and 320 mA/g
for A12, respectively.

RESULTS & DISCUSSION
a) Titration Results:

The titration results yielded moisture content in electrode samples processed using the
hybrid microwave system. It usually takes about 15 minutes before the accumulate moisture

content gets to equilibrium, reaching to a plateau. Figure 5 (a) & (b) shows the K-F titration
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Figure 5: Moisture content in microwave dried (a) NMC532-NMP (b)
NMC532-Aqueous (¢) A12-NMP and (d) A12-Aqueous samples

curve for NMC532 cathodes. The starting point ideally should be zero but in some cases the
observed slight negative value below 100s is due to the adjustment against a minor leak in the

system. The measured moisture content in different samples is listed in Table 1.
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Table 1: Microwave treatment conditions and residual moisture from titration

NMC532-NMP Temperature (°C) Exposure Time Residual Moisture (ppm)
sample 1 125 25 min 46 secs 144
sample 3 125 51 min 32 secs 115
sample 5 125 1h 43 min 4 secs 66

NMC532-Aqueous
sample 1 80 25 min 46 secs 842
sample 3 80 24 min 41 secs 818
Al2-NMP
sample 1 125 27 min 35
sample 3 125 53 min 20
sample 5 125 1h 39mins 4 secs 6

Al2-Aqueous
sample 3 80 25 min 46 secs 296
sample 5 80 24 min 41 secs 407

In NMC532-NMP cathodes (Figure 5(a)), for same temperature of treatment, the moisture
content decreased from 144 ppm to 66 ppm with an increase in exposure duration from 25 min to
103 minutes. This trend is understandable as longer microwave exposure duration will aid better
drying. For the NMC532-aqueous (Figure 5(b)) samples, the microwave treating conditions for
sample 1 and 3 are almost identical and so are the results. The repeatability tests for these
identically processed samples were required as these aqueous based samples were extremely
hygroscopic in nature and their moisture levels could be very different from each other
depending on the transfer durations from microwave furnace outlet to vacuum packaging unit.
The moisture content of both the NMC532-aqueous samples was measured to be ~ 800 PPM.
This reveals that identical phenomena were taking place in both samples under similar drying
conditions. Similarly, samples referred both in Figure 5(b) and 5(d) are aqueous based samples
and their process conditions were also almost identical. In order to make a fair comparison
against conventional processing, a baseline sample was also prepared in a dry room environment.
The moisture content in the NMC532-NMP samples dried at 100°C for 2 hours with dry hot air
was about 87 ppm. Referring to Figure 5(a) for NMC532-NMP based samples, it can be seen
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that the moisture content of all but sample 5 showed higher values. Also, referring to Figure
5(b), NMC532-aqueous samples showed higher moisture content than NMC532-NMP samples.
This is ascribed to lower treatment temperature and a more hydrophilic binder in NMC532-
aqueous compared to NMC532-NMP samples. Although, we haven’t studied this in detail, we
believe that higher treatment temperatures and/or longer treatment periods would help to reduce
the moisture content in the NMC532-aqueous samples.

Similar titration studies were performed on A-12 anode samples that were dried using the
microwave hybrid system. Figure 5¢ and 5d shows the K-F titration curves for A12 anodes and
the corresponding moisture contents are also listed in Table 1. Similar to NMP based electrodes,
a reduction in moisture content with increasing microwave exposure period for Al12-NMP
samples (Figure 5¢) was observed. For the A12-NMP sample 3, the measurement was terminated
accidentally after 4 minutes and was quickly resumed back. The testing time was also
accordingly reset. This leads to much higher moisture content at the beginning than it normally
would be. For A12-NMP sample 5, the moisture level was very low, 6 ppm, indicating the drying
condition employed was very efficient in removing moisture from the samples. However, the
moisture contents of the Al2-aqueous samples were much higher compared to A12-NMP
electrodes. The reason for this is attributed to lower treatment temperatures and the inclusion of
hydrophilic binders. Unlike NMC532-aqueous samples, the Al2-aqueous samples showed a
considerable variation in moisture content despite identical microwave treatment conditions due
to extreme hygroscopicity (see Figure 5b and 5d). The residual moisture content in these
samples can further be improved by more efficient material handling, faster transfer time
between treatment and packaging, and faster transfer time between the sample removal out of the
package and start of measurement, etc,.

b) Electrode Performance Results:

Three categories namely sample 1, sample 3, and sample 5 represent 3 different process
durations for same process temperature (see Table 1). Three cells in each category were tested to
assure performance reliability of cells. In this study, almost all cells except one showed
performances within a reasonable bandwidth and had been taken for consideration. The
performance graph contains two portions namely 1) rate performance tests where the cells were
cycled at various C-rates starting from 0.05C to 10C with 5 cycles at each C-rate for a total of 50

cycles; and 2) cyclic testing, where the
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Figure 6: Cyclic performance study of NMC532-NMP samples (a) 1 (b) 3 (c) 5 and (d) their

comparison with baseline electrode
cells were cycled at 0.2C/-0.2C and 1C/-2C, each for 50 cycles, respectively. The performance of
NMC532-NMP cathodes 1, 3 and 5 is shown in Figure 6. Two samples in the same category,
namely 1-1 and 1-3 showed a very consistent performance at lower C-rates. However, during the
charging/discharging cycle at 0.2C/-0.2C from 50 to 100 cycles, the individual cells started
showing deviations. At a rate of 1C/-2C cycling, the deviation became even higher. The
performance of NMC532-NMP sample 3 is shown in Figure 6b. At lower C-rates, the samples
showed very good consistency. However, during the charge/discharge cycle, the capacity values
started showing larger deviations. A highly consistent behavior for all the 3 samples was
observed for sample 5. This sample was microwave dried for lhr and 45 minutes. The
consistency was quite astounding throughout the entire cycling. The observed deviation in
0.2C/-0.2C in half coin cells is attributed to electrolyte consumption by lithium anode. As this

chemical reaction occurs, the capacity starts fading, leading to deviations in charge capacities.
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From Figure 6d it can be seen that the microwave dried NMC532-NMP samples exhibiting a
comparative performance against NMC532-NMP baseline sample at lower C-rates. The faster
capacity fading at higher C-rates in MW treated samples is attributed due to higher areal loading
(14.6 — 16.6 mg/cm?) of MW samples than that of baseline (12.5 mg/cm?) sample. From the
graph (Figure 6d), it can also be seen that the electrode performance became lower with longer
MW treatment time and lower moisture content. This phenomenon is quite surprising. The
question that needs to be understood is whether longer microwave exposure duration has any
effect on the performance by influencing the stoichiometry.

A similar study was performed on NMP532-aqueous samples (see Figure 7). The chosen
samples namely 1 and 3 had identical MW treatment conditions (Table 1). Despite varying
moisture content, the performance reproducibility was excellent in both these samples. Up to 50
cycles, the average performance of these two samples was almost identical within acceptable cell
variation. However, when cycled at 1C/-2C deviations started occurring, which was most likely
due to the electrolyte consumption by lithium anodes. The electrode performance of NMC532-
aqueous was compared to the NMC532-baseline and NMC532-aqueous baseline. The NMC532-
aqueous baseline has the same electrode composition as the two NMC532-aqueous samples but
was much drier with a residual moisture content of only 50 ppm. The NMC532-aqueous baseline
samples also had lower areal loading, which resulted in higher performance at high C-rates. The
areal loading of the two NMC532-aqueous samples is similar to that of NMC532-baseline. The
NMC532-aqueous samples exhibited better performance than the NMCS532-baseline when
cycled below 1C but their high rate performance reversed, which could be either due to the much
higher residual moisture and/or less uniform distribution of electrode components in the

NMC532-aqueous samples.

Figure 8d shows the performance of A12-NMP samples and their comparison to the A12
baseline, which was processed using NMP-solvent and dried with dry air. Unlike previous
samples, these samples showed an initial capacity decrease and then an increase within first 50
cycles. Deviation started occurring only after that. However, among themselves they showed an
excellent consistency. The capacity decrease during the initial cycles regardless of C-rates could
be an indication that it took some time for the electrolyte to completely wet the A12 anodes. The
slow wetting behavior is an indication that only part of the electrode participated in the chemical
process and the remaining part did not participate in the intercalation-deintercalation process. As

cycles continued, the dry anode area became reduced and more A12 anode contributed to the
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charge-discharge process thus resulting in a capacity increase. All cells from the three samples
demonstrate excellent rate performance and they were comparable to the Al2 baseline. The
average performance of the three samples was also very similar except that the sample 1 showed
more severe capacity degradation. Sample 3 exhibited the best capacity retention during the 50
cycles at 0.2C/-0.2C, but suffered dramatic capacity fade afterwards. It is still unclear if this is
anyway related to the differences in residual moisture content among themselves. Referring to

Figure 8d, all the 3 A12-NMP cells showed excellent rate performance when compared
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Figure 7: Cyclic performance study of NMC532-aqueous samples (a) 1 (b) 3 and (c) their
comparison with baseline electrode

to A-12 baseline electrode. The average of sample 5 matched very well with the baseline electrode

although the average of sample 1 shows a severe capacity degradation and average of sample 3
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exhibits the best capacity retention initially during the 50 cycle at 0.2C/-0.2C, but suffered a
dramatic capacity fade afterwards.
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Figure 8: Cyclic performance study of A12-NMP samples (a) 1 (b) 3 (c) 5 and (d) their
comparison with baseline electrode

The last series of coin cells that were tested for rate performance are Al2—-aqueous anodes
(Figure 9). Similar to other samples, the A-12-aqueous baseline sample was prepared using dry
air by conventional method. Out of 3 cells prepared using sample 3, two cells, namely 1 and 3
showed excellent rate performance. Sample 2 showed a very deteriorated performance. However,
in the case of coin cells prepared using sample 5 (Figure 9c), all cells showed an acceptable rate
performance and reproducibility. Referring to Figure 9d, the average of sample 3 and sample 5
compared very well with Al2 baseline and Al2 aqueous baseline curves. In fact, both these

samples revealed a better cyclability than A-12 baseline cell. Although, these electrodes had much
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higher moisture contents compared to A12-NMP samples, the effect of them, at least in short
term cycles, was not noticed in the graph. Daniel and Wixom have noticed'® that in LiFePOs
cathodes, the electrodes having residual moisture content above 500 ppm showed much faster
capacity degradation after 1000 cycles. We could not ascertain this in our work as the cycles

employed here were much lower compared to the ones employed in their work.
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(¢) Microstructure:

It is known that in some applications, the incident microwave energy can potentially
cause damages to the target material. Concentration of microwave energy on localized spots can
superheat and melt those localized regions. In some other cases, selective constituents in the
target material can cause serious arcing that can also alter the surface of the target material. For
battery drying, hot spots could cause a very serious problem by greatly deteriorating its
performance. By the use of hybrid technology as the one employed here, the electromagnetic
energy intensity can be modulated and evenly distributed on a target surface so that possibility of
any potential hot spot regions could be totally avoided. None of our microwave hybrid dried
samples showed any sudden performance degradation, indicating presence of no abnormalities in
the microstructure. In order to examine this, we have performed microstructure studies on
NMC532-NMP and A12-NMP samples before and after microwave exposure. The

BEFORE

NMC532- NMP
(CATHODE)

A12- NMP
(ANODE)

Figure 10: Microstructure of NMC532-NMP and A12-NMP electrodes before and after
103 minutes microwave exposure time

microstructures obtained at 1000x magnification are shown in Figure 10. From the figure, it can

be seen that no observable changes were noticed before and after microwave exposure in either
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samples. A number of analyses at various magnifications led to the same conclusion that the

microwave hybrid drying did not cause any noticeable alterations to the electrode microstructure.
SUMMARY

LiNio.sMno.3Co0.2 (NMC532) cathode and graphite (A12) anode coatings were prepared
at ORNL using a proto-type slot-die coater with both conventional N-Methyl-2-pyrrolidone
(NMP)-based and aqueous solvents. All the electrodes were microwave dried using BTU’s
novel microwave hybrid system. The dried samples were quickly transferred into a glove box
and carefully double packed in a nitrogen environment and shipped back to ORNL for
performance testing. Titration results showed that the moisture content of NMP based samples
was very low compared to aqueous based samples. This could possibly be due to three reasons;
(1) a lower heat treatment temperature and/or (ii) shorter drying duration and/or (ii) hydrophilic
binder content. All electrodes treated at various microwave conditions in ambient environment
showed excellent rate performance and their performance is fairly comparable to the
conventionally prepared baseline electrodes in a dry room. For shorter testing cycles, as the ones
we have used here, the inherent moisture content did not show any adverse effects on rate
performance.  Microstructure studies revealed that there was no surface or microstructural
damage to both NMP and aqueous based electrodes due to prolonged microwave exposure. The
comparable performance of MW dried electrodes against baseline electrodes has proved that
BTU’s hybrid microwave technology can be very effective for battery drying with a potential

cost savings that could bring down the overall battery manufacturing costs.
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ABSTRACT

ENrG has established itself as the global source for ultra thin flexible ceramics known
as Thin E Strate®. Industry product trends require innovative high performance materials for
SWaP - Smaller, lighter Weight and better Performance. There are no other self-supported
ceramic membranes on the market this thin at 20 or 40 microns, with the ability to flex, take high
temperatures and handle extreme transitions in temperature. These unique properties and
advantages show promise as an enabling technology platform into a variety of markets and
products, such as microbatteries, solar PV and microelectronics packaging. Ultimately these
high volume markets want the new materials in larger sheets, like is now available for FR4, or in
a roll-to-roll format. This paper will present work done in conjunction with Oak-Mitsui on
double-sided copper cladding of the thin ceramic, with subsequent circuit definition and
application testing. Material and application performance data will be presented as available
across multiple market applications. The two companies’ objective is to meet the growing market
need for thermal management in electronics, including LEDs, resistive heater circuits, and power
electronics.

INTRODUCTION

ENrG Incorporated (ENrG) is fast establishing itself
as the global source for ultra thin flexible ceramics (see
Figures 1 and 2) known as Thin E-Strate®. There is no other
self-supporting ceramic membrane product on the market at
40 microns, with the ability to flex, take high temperatures
and handle extreme transitions in temperature. These
unique advantages show promise as an enabling technology
platftorm in a variety of target markets including
microbatteries, LEDs, solar PV, and microelectronics
packaging. Industry product trends require innovative high
performance materials for SWaP - smaller, lighter weight
and better performance - which provides further market
expansion opportunities for Thin E Strate®.

Consumer device builders however want the
advantages of any new materials without a significant
increase in price for these added benefits, and processing of
a ceramic electronic substrate material from rolls is regarded as a path with high potential for
cost savings. ENrG and Oak-Mitsui’s Hoosick Falls, NY operations have teamed to provide a
double-sided copper-clad 20 microns thick Thin E Strate®. Both companies will work together
to commercialize the clad product into flexible electronics applications.

Figure 1 - 50 cm strip of Thin E-
Strate®.
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To further this product, ENrG is developing via cutting laser technology to permit more
aggressive heat transfer, electrical connectivity between sides and the production of multiple
layer components. Also in development is wire bonding to Thin E Strate®, along with the
ability to diamond saw individual components. Work here demonstrated panelization of multiple
customer test designs, and then etching and processing through a printed wiring board shop.
Customers are now evaluating their test circuits and results will be presented as available.

THINE STRATE® OVERVIEW

ENrG manufactures Thin E-Strate®,
an ultra-thin flexible fully dense zirconia-
based ceramic substrate. The flexibility of
Thin E-Strate® is illustrated in Fgure 2
where a “CD” size substrate, slit along the
radius, is twisted back upon itself. Typically,
ceramic materials are the last ones considered
by high volume designers because they cost
more than other common flexible metal or
organic substrates.

Past available thin ceramic versions
were not strong or robust, and until now, not
self_supportjng and flexible. Driven by the Figure 2 - TWIStlng of sintered 40“1’1’1 thick Thin
market trends mentioned, either established or E-Strate®.
new high volume markets require a new set of
high performance, high temperature capable
materials. Desired properties are thinner,
lighter and more robust to withstand extreme
conditions either in operations, or during the
processing of component manufacturing. This
brings the designers back to looking for thin
flexible ceramic substrates, but device builders
want these new materials without significant
increase in price for the desired benefits
compared to the well established, but
underperforming metal or organic flexible
materials.

Thin E-Strate® is an ultra-thin, dense,
3 mol% yttria-stabilized zirconia (3YSZ)
substrate. It is available in either 20 or 40 Figure 3 - 20 microns thick Thin E- Strate®in
microns thick. At 40 microns, it will easily foreground, 40 microns thick in back.
bend to a “taco” shell type radius while the
20 microns version can wrap around a pencil. Substrates up to 120 x 150mm are available,
including standard 100mm wafers with flats.

The origin of the Thin E-Strate® technology is based upon a Corning Incorporated
invention!2, which was licensed by ENrG in 2008. Thin E-Strate® has unique physical properties
that provide substantial advantages. ENrG has learned that these same properties and advantages,
particularly higher strength, allow fabrication and use of much thinner, yet self-supporting,
flexible membranes as shown in Figure 3. The ability to relieve stress through flexing provides
remarkable thermal shock tolerance shown in Figure 4.
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Figure 4 — Thin E- Strate® readily passes
heat through plane.

In the field of electronics there has been a
growing need for thermal management. As ICs
have gotten smaller the heat they generate has
gone up dramatically. Also, with the need to save
energy in lighting, the push is on to move from
incandescent to compact fluorescent and
ultimately to LEDs, Figure 5 shows LEDS die
attached and wire bonded onto Thin E-Strate®.
Although less total energy is thrown off LEDs
than incandescent, locally these devices can
generate high temperatures that can be damaging
to the substrate to which they are mounted, or
cause over heating of the LEDs resulting in lower
efficiency and shorter lifetimes. Other electronics
that need to address thermal management are
resistive heater circuits, solar CPV and power
electronics; especially important as vehicles
utilize more electronics for controls and

propulsion.

Based on these and other applications, the need is
growing for a new copper clad ceramic substrate that can
handle these higher temperatures as well as be flexible to
allow for unique uses and installations. Further a roll-to-
roll (R2R) ceramic product would enable cladding the
ceramic with high performance copper foils on roll-to-
roll processing lines. A thin, lightweight, copper-coated,
flexible electrical insulator with good heat extraction
would be transformative to the microelectronics
packaging market. Thus, this led to the genesis of the
partnership with Oak-Mitsui to demonstrate double-sided
copper-clad 40 and 20 microns thick Thin E-Strate® with
Y5 0z. copper for electronic applications.

COPPER-CLADDING

Oak-Mitsui is a leader in copper foil for
electronics (the only electrodeposited copper foil
manufacture in the Americas) as well as providing the
leading edge embedded capacitor material called
FaradFlex®. Their technical approach for developing a
copper foil lamination process to ENrG’s Thin E-Strate®
began with modifying their current process (used with
polyimide substrates) but maximized for the special
properties of Thin E-Strate® material.

Oak-Mitsui first demonstrated this product with

Figure 5 — LED circuit on 40
microns  thick Thin  E-Strate®
substrate  with  etched  copper
laminate circuit. Inset photo shows
etched copper circuit substrate.

40 microns thick Thin E Strate® shown in the inset photo of Figure 5. In addition to achieving
pull strengths of 6 1bs./linear inch adhesion for the copper foil, which is a typical number for
making printed circuit board material, they also did a “solder shock” test. This involved floating
the substrate multiple times on molten solder for 10 seconds to simulate the surface mount
assembly environment. The substrate passed this test as well. This clad laminate product
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ultimately will permit a designer to use the inherent material properties of the dielectric support
Thin E Strate®. Table 1 lists the collective material properties of Thin E-Strate®.

Table 1 — Thin E-Strate® Material Properties

Property Measurement Benefit
Physical:
Material >99.99% 3mol% YSZ Common ceramic oxide, common electrolyte
Surface Finish 20-25 nm Good for thin and thick film coatings
Thickness 20 or 40 microns 50% that of other available ceramic or glass materials
Density 6.04 gjcm’ Near theoretical density, no premature passage of reactants
Crystal Structure Tetragonal Stable crystal structure over wide range of environments
Mechanical:
Hardness 6.5 Mohs, 1600 Knoop (Kg/mm’) Will not wear, erode
Poisson Ratio 0.32
Bend Strength 1.2 Gpa, measured on 2 cm strip, 20 microns Gives flexibiliy, 3x other ceramics at these thicknesses
Flexural Strength 900 Mpa @RT Permits rapid absorption of environment temperature shifts
Compressive Strength 2500 MPa @ RT Can be put under high loads, once fully backside supported
Fracture Toughness 7.0 MPaxm"”? Great structural ceramic, robust in ultrathin format
Tensile Strength 248 MPa @RT
Modulus of Elasticity 207 GPa High for ceramic and glass materials, resists loads
‘Wear, Abrasion Resistance Hard Material, near Diamond, TBD High reliability in harsh environments
Thermal:
Processing Temperature Up to 1200°C Gains in faster processing
Operating Temperature Up to 1000°C Higher temperature operations
Bulk Thermal Conductivity 2.7 W/mK 10x better than glass, 10% of alumina
Z-Axis Thermal Mass Ultra-low Phonons rapidly pass through, high heat disspation
Coefficient of Thermal Expansion 8.2ppm @ RT, 10.7 ppm @ 1000°C Suitable for metal deposition, thin or thick films
Thermal Shock Resistance >280-380 C/sec Repeated rapid temperature transitions in applications
Specific Heat 0.10 cal/gC @RT Good for rapid flexible heaters
Electrical:
Dielectric Constant 26 @ 100kHz Suitable for low speed electronics
Dielectric Breakdown 3200 VDC @ 40 microns, 2500 \.’Dc @ 20 microns, High breakdown for ceramics, useful in power electronics
80 kV/mm @ 40 microns
Resistivity >10™ Useful in power electronics
Optical:
N . N Substrate is translucent, enables backlighting, mixes and
Light Dispersion 15% @ 40 microns diffuses light from multi-color LEDs
IR Transparent 80% between 2-7 nm Used in military systems
Chemical:
Water Adsorption 0% @ RT Near theoretical density, no moisture affects
Qutgassing 0%, all temperatures High purity, no long term degradation
Chemical Interactions Not suitable with HF Can be used in semw;onductor p(ocessing, FDA approved for
in body applications

COPPER-CLAD DESIGN SPECIFICATION WITH THIN E  STRATE®

The two companies are currently targeting the following design specifications:

20 microns thick at >150 cm? and <300 cm?

<0.001 in/in of camber

Edge curl <30 pm within 25 pm of the edge

Laser cut edge or via without degradation of ceramic strength

Total base dielectric thickness of 25-50 microns (20 microns of the ceramic)

Copper thickness of 1-210 microns (1 to 5 microns is available by using Oak-Mitsui’s

Microthin® product which has a thin copper layer on a peelable copper carrier sheet)

e Operating temperatures of 2015 version, < 130°Cand 2017 version, < 200°C (targeting
250°C)

e Thermal Conductivity is TBD through testing (should be close to TC of copper/Thin E-
Strate® with minimal impact of adhesive).

122 - Ceramic Materials for Energy Applications V



Copper Clad Ultra-Thin Flexible Ceramic Substrate for High Power Electronics

ENrG’s product strategy is to shift away from cookie cutter type parts to higher volume
applications requiring R2R ceramic format meeting the listed specifications. As a copper clad
substrate, Thin E-Strate® can be sold for microbatteries, position sensors, electronics, and
substrates for mounting LEDs for solid-state lighting. The technology for this product
commercialization effort is high performance copper foil clad onto an ultra-thin ceramic for
flexible electronic circuits in applications requiring rapid heat extraction, high voltage tolerance,
high dielectric constant, lighter weight, thinner form factor and flexibility. Beyond this simplest
product introduction a wide range of customization is possible in both the copper coating and the
ceramic. Market and customer discovery will hone the product offerings, from thin copper for
fine line circuits to thick copper and thinner ceramic for high power electronics with better heat
dissipation.

Figure 6 - Panelized customer test circuits. Figure 7 — Unsupported Thin E- Strate®

damaged during high-pressure wash.

CUSTOMER EVALUATION AND TESTING

Seven customer designs from five sources - Hybridasol, Rensselaer Polytechnic Institute,
North Carolina State University, and two unnamed companies - were panelized onto a two-sided
copper-clad panel with Thin E Strate® dielectric substrates as shown in Figure 6. The ceramic
substrates were about the size of glass slides. The panel assembly began with a large sheet of 20
microns thick polyimide, into which multiple rectangular areas had been cut out. These
rectangular openings were slightly larger than the individual pieces of Thin E-Strate®. The
ceramic pieces were aligned into the lower left corner of each opening, and then 1 ounce copper
foil was clad to each side of the assembly, encasing the polyimide sheet and 20 microns thick
ceramic substrates. By design, each unique circuit was held to the main panel by small copper
ribbons overlapping on all four sides of the ceramic. The plan was for the ribbons to hold the
finished circuits in place after printed circuit board (PCB) processing was complete.

The panels were imaged, etched and plated through Sanmina-SCI’s, San Jose, CA printed
circuit board line. Afterwards each individual circuit was removed from the panel by cutting the
copper ribbons on the edges of the circuits. The learning from this first trial:

e The dielectric floated in the openings cut into the polyimide during the copper lamination
process and many of the parts lost registration. This affected circuit placement and some of
the copper ribbons did not connect to the ceramic edges.

e The panels went through a standard PCB line. Circuits with less copper support, or where the
ribbons did not connect with the ceramic, were damaged during the high-pressure wash jets.
Ceramic pieces broke off some parts, as seen in Figure 7. In the future, the jets can be
adjusted down.
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e The resin used to bond the copper foil to the ceramic remained behind on the surface of the
substrates as we neglected to request a post processing plasma clean of the excess adhesive.
It can be seen peeling off in some of the photos of Figures 6 — 10.

The panels were returned to ENrG and individual test circuits were singulated and
supplied to the individual customers. While all are still evaluating their particular designs, one
herein referred to as Cl, has returned the following results.

CUSTOMER (C1) ELECTRICAL EVALUATION
Figure 8 shows all the samples taped down to a ceramic carrier. Figure 9 is a close-up of
one of the samples. Ignoring a few holes in the ceramic, the sample looks good.
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Figure 8 — Cl1 test evaluation circuits.
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Figure 9 - Cl test circuit.

Visually, these first samples were clean, had good metal, and well defined ceramic. With
an eye toward characterizing electrical performance, C1 measured three samples in three
different ways, where the first two measurements lead into the third. The measurements
included DC resistance, Time-domain Reflectometry (TDR), and Frequency-domain vector
network analysis (VNA; often called S-parameters). The measured DC resistance of the traces
averaged 256 mohm, which is 15% higher than that of bulk copper for traces of the same
geometries and falls within the range Cl commonly sees on other packaging
technologies. Figure 10 shows a view of the data set.
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Keithley 580 Micro-Ohmmeter Line Measurements taken in mm
4 point resistance measurements Measured at bottom
b g Gap Gap Line Width | Line Width P
5N Line Gap |Resistance Z Height
upper lower btm top
5 31 mm top 135 0.2416 0.164 0.162 0.096 0.070 0.030
5 31 mm top 145 0.2560 0.176 0.176 0.094 0.068 0.029
5 31 mm top 155 0.2580 0.186 0.187 0.091 0.068 0.028
5 31 mm top 165 0.2604 0.199 0.196 0.091 0.068 0.027
5 31 mm top 175 0.2506 0.208 0.208 0.093 0.071 0.033
5 31 mm btm 135 0.2617 0.167 0.168 0.090 0.067 0.028
5 31 mm btm 145 0.2512 0.180 0.178 0.091 0.070 0.028
5 31 mm btm 155 0.2637 0.190 0.190 0.089 0.068 0.029
5 31 mm btm 165 0.2522 0.197 0.196 0.092 0.068 0.027
5 31 mm btm 175 0.2664 0.214 0.211 0.087 0.065 0.034
Resistance Width, Btm Width, Top Height

Average 0.2562 ohm Average: 0.0914 0.0683 0.0293

Std Dev 0.007431 ohm Area: 0.0023396 mm”~2

Std Dev 3% % Area:  2.34E-09 m"2

Effective Resistivity of Traces  1.93E-08 ohm-m
Theoretical Resistivity of Bulk Copper  1.68E-08 ohm-m
Delta 15% % Difference From Theory

Figure 10 - Resistance measurement data set.

TDR measurements indicate how well the signal traces match the target characteristic
impedance. The measured impedance in each case was greater than the desired 50
ohms. Looking at the resistance table, the physical gap between the trace and the surrounding
ground planes was 30 to 40 pm greater than it was designed. With impedance being nonlinearly
related to gap distance, C1 believes the variation from the target 50 ohms was due to the larger
gap distance, which was and is often a result of over-etching of the circuit traces.

In addition to being off from the target impedance, the effect of the gap distance was
much lower than expected, shown in Figure 11, which plots the TDR response for the 135 pm
structure and the 175 pm structure, where this dimension indicates the distance between the trace
and the surrounding ground plane. The performance difference between these two gap sizes was
much less than expected. Because the gap was notably larger than designed, it makes sense that
the designed-variation in gap distance reduced the impact on impedance.
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Time-Domain Reflectometry (TDR) of 31 mm Traces
Revealing Minimal Effect of Gap Size
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Figure 11 - TDR measurements.

The frequency domain measurements provide the most insight — and are often the most
challenging to interpret. “S11” — reflection coefficient — is a measure of the characteristic
impedance (similar to TDR, but in the frequency domain). Ideally, S11 would be negative-
infinity (as measured in decibels, dB). When S11 is higher than -14 dB, the amount of signal
being reflected at the trace’s input is large enough to noticeably reduce how much signal gets
into the trace, which shows up as increased effective loss.

“S21” — signal gain — is a measure of how much signal is attenuated within the
trace. Ideally, S21 is 0 dB, meaning no signal is attenuated (absorbed or radiated) in the trace.
As reference, Cl1 often looks for S21 to be above -6 dB for low-frequency interfaces, such as
used for memories, processors, etc., and C1 looks for S21 to be above -15 dB for high-frequency
interfaces, such as used in SerDes, optics, etc. (Oddly, faster interfaces can often tolerate greater
loss due to the use of signal-equalization techniques.) The data is shown in Figures 12 and 13.

In Figures 12 and 13, the relatively high impedance shows up in two forms. In S11, the
tops of the curves (peaks) reach around -7 dB to -15 dB, which supports the TDR data that the
trace impedance was far from the target of 50 ohms. Looking at S21, the dips corresponds to the
peaks in S11, which was due to a large fraction of the signal being reflected at the trace’s input
and not getting into the trace itself.

The VNA measurements also reveal limited effect of the traces’ gap geometries, which
confirmed the TDR data. Thatis, S21 for the 135 pm and the 175 pm trace are relatively similar
to one another. When the VNA data is better behaved (i.e., S11 is lower than -20 dB), CI can
often extract a variety of other useful characteristics, such as how much of the attenuation was
within the copper (related to resistivity) and the dielectric (loss tangent), dielectric constant,
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etc. Unfortunately, the apparent over-etching of the traces increased the characteristic
impedance of the traces to the point where such extractions are impractical.

Vector Network Analysis (VNA) of 31 mm Traces:
S$11 Reflection Coefficient
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Figure 12 - S11 test measurements.
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Vector Network Analysis (VNA) of 31 mm Traces:
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Figure 13 - S21 test measurements.
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Ignoring the impedance, the attenuation shown in S21 measurements was minimal. The
losses up to 40 GHz are less than 6 dB, which was terrific. The traces are relatively short at 31
mm, but the losses can generally be accommodated in digital systems.

C1’s conclusion: overall, the electrical performance of the raw technology was well
suited for multiple applications. The metal resistivity was close to that of bulk copper, and the
attenuation could be readily accommodated in most digital systems — up to 40 Gb/s data rates —
assuming traces are restricted to short lengths. Unfortunately, the excessive gap size pushed the
characteristic impedance outside useful ranges, which degraded some measurements and
hampered further analysis. Roughly speaking, the raw technology performed quite well relative
to other packaging technologies that used similar geometries — assuming the etching process can
eventually closer match that of design.

Cl1 further noted that the structures did not contain vias, which are essential features for
most digital systems. Vias often degrade electrical performance, so their absence in these
structures artificially improved the measurements relative to what would be expected in a real
system.

FUTURE PLANS

Further analyses by the various customers are now planned. A R2R ceramic product
would enable cladding the ceramic with high performance copper foils on roll-to-roll processing
lines further penetrating the flexible electronics circuit market. The first copper cladding trials on
individual sheets have shown excellent bonding to both sides of the ceramic, with pull strengths
in the range of FR4 printed circuit boards and polyimide flexes. A thin, lightweight, copper-
coated, flexible electrical insulator with good heat extraction would be transformative to the
microelectronics packaging market.
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ABSTRACT

This paper presents ENrG’s 2015 introduction of its goal to produce an in-line, coatable
format of its Thin E-Strate® product. The 20 microns thick product, targeted between 100-300
meters long, with initial widths up to 5 centimeters, is being developed for customers capable of
coating in roll-to-roll (R2R) form.

Unlike plastic films in which temperature and humidity affect roll-to-roll handling and
alignment, Thin E-Strate® is stable, inert and is translucent for two-sided coating registration.
This flexible ceramic can handle higher temperature processing, does not absorb moisture and is
corrosion resistant. Thin E  Strate®, a flexible zirconia based ceramic membrane, was originally
introduced in 2010 at 40 microns thick. Even though so thin, the membrane is gas-tight, fully
dense, strong, thermal shock tolerant and chemically inert.

Inherent properties of the membrane are compatible with many applications including
wearable electronics, mechanical sensors, medical electronics, microbatteries, solar photovoltaic,
power electronics, solid-state lighting, transparent infrared windows, fuel cells, and
superconductors. These uses tap into additional membrane properties via application-specific
coatings. Many of these market opportunities require the thin ceramic to be supplied in a R2R
form for more economical processing.

INTRODUCTION

In 2010, ENrG Incorporated
commercialized 40 microns thick, flexible
zirconia-based ceramic membranes as shown in
Figure 1. Exceptionally thin for a ceramic, these
membranes are gas-tight, fully dense, strong,
thermal shock tolerant and chemically inert.
ENrG introduced the product with the registered
trademark name of Thin E-Strate®. This
technology is based on thin, sintered partially
stabilized zirconia ceramic sheets developed by
Corning Incorporated and used in its solid oxide . ; )
fuel cegll (S(;pFC) inventions'?. The 3mole% Iigure 1 — Hexibility of ENrG’s Thin E-
yttria-stabilized zirconia (3YSZ), at < 40 pum Strate™ 40 microns thick fired ceramic.
thick, has sufficient strength for processing and
handling. The ability to relieve stress through
flexing provides remarkable thermal shock tolerance, as shown in Figure 2.

Yttria-Stabilized Zirconia (YSZ) is historically used in a wide variety of applications
including the electrolyte in solid oxide fuel cells and solid oxide electrolyzer cells (SOECs),
dental crowns, the substrate in oxygen sensors, thermal barrier coatings for metal substrates in
harsh environments, and structural ceramics such as hip replacements. SOFCs, SOECs and
oxygen sensors use the ionic property of partially stabilized zirconia at elevated temperatures,
and these applications were ENrG Inc.’s first markets. Figure 3 shows a cross-section of the
ceramic, coated with electrodes and used as the electrolyte in an electrolyte-supported SOFC3.
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Three years after introduction, it is apparent
inherent properties of the membrane other than ionic
conductivity are compatible with many other market
applications in harsh environments. Table 1 lists the
collective material properties of Thin E-Strate®.
Besides thinness, flexibility and strength, these
alternative applications tap into properties of
translucency, low thermal mass, chemical resistance,
infrared optical transmission, ability to bend around
very tight radii, or enhanced capabilities with applied
coatings. Uses include sensors, medical electronics,
microbatteries, solar photovoltaic (PV), power
electronics, LED substrates, transparent infrared ° . ;
windows, flexible electronics and superconductors. side of the 40 microns thick Thin E-

Thin E-Strate® has a number of qualities that Strate®.
make it attractive as a substrate for fabrication of
solar thin film cells* and solid-state devices. These |
qualities include the ceramic’s smooth surface,
dielectric  property, lack of impurities, high
temperature  capabilities, and its strength and
flexibility for roll-to-roll handling. In addition, the
future ability to scale to a roll-to-roll format offer a
substrate option over stainless steel foils, thin silicon
wafers, glass sheets and thick ceramic sheets.
Additional high volume applications require a R2R
capable substrate, with the attributes of ENrG’s Thin
E-Strate®, for economical deposition of active and :
passive coatings. Fgure 3 - Thin E-Strate® is the dense

Thin E-Strate® is fully dense as shown in electrolyte in a cross-section of a SOFC.
Figure 3 and moisture impermeable. Overall device
processing costs can be reduced with the elimination (Courtesy of Fraunhofer IKTS).
of barrier layers, since Thin E-Strate® is gas
impermeable and a dielectric. Other integration opportunities may be possible. The ceramic is a
wear and corrosion resistant material; therefore one side of the substrate could provide a seal or
external surface for a final product.

The use of a single material and technology in R2R format, across multiple market
sectors, can significantly increase volumes for a previously unavailable flexible ceramic.

Figure 2 — Charring of a marshmallow
from a blowtorch applied to the opposite

WHY ROLL-TO-ROLL PROCESSING?

Today Thin E-Strate® is available in either 20 or 40 microns thick sheets, with a possible
maximum substrate size up to 120mm x 150mm. This is not a technology limitation, but is a
result of the equipment constraints in ENrG’s current factory. Many shapes and sizes are
available including a standard 100 mm diameter “wafer” with flat. At 40 um thick, Thin E-
Strate® can safely meet a bending diameter of 0.5, demonstrated in Figure 4 as the “taco shell”
bend, and the 20 um thick ceramic can obtain a bending diameter of 0.375”, about the breadth of
a pencil.
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Table 1 - Thin E-Strate® Material Properties

Property Measurement Benefit
Physical:
Material >99.99% 3mol% YSZ Common ceramic oxide, common electrolyte
Surface Finish 20-25 nm Good for thin and thick film coatings
Thickness 20 or 40 microns 50% that of other available ceramic or glass materials
Density 6.04 g/fem’® Near theoretical density, no premature passage of reactants
Crystal Structure Tetragonal Stable crystal structure over wide range of environments

Hardness 6.5 Mohs, 1600 Knoop (Kg/mm®) Will not wear, erode

Poisson Ratio 0.32

Bend Strength 1.2 Gpa, measured on 2 ¢m strip, 20 microns Gives flexibiliy, 3x other ceramics at these thicknesses
Flexural Strength 900 Mpa @RT Permits rapid absorption of environment temperature shifts
Compressive Strength 2500 MPa @ RT Can be put under high loads, once fully backside supported
Fracture Toughness 7.0 MPa xm*? Great structural ceramic, robust in ultrathin format
Tensile Strength 248 MPa @RT

Modulus of Elasticity 207 GPa High for ceramic and glass materials, resists loads

Wear, Abrasion Resistance

Hard Material, near Diamond, TBD

High reliability in harsh environments

Thermal:

Processing Temperature

Up to 1200°C

Gains in faster processing

Operating Temperature Up to 1000°C Higher temperature operations
Bulk Thermal Conductivity 2.7 W/mK 10x better than glass, 10% of alumina
Z-Axis Thermal Mass Ultra-low Phonons rapidly pass through, high heat disspation

Coefficient of Thermal Expansion

8.2ppm @ RT, 10.7 ppm @ 1000°C

Suitable for metal deposition, thin or thick films

Thermal Shock Resistance

>280-380 C/sec

Repeated rapid temperature transitions in applications

Specific Heat

0.10 cal/gC @RT

Good for rapid flexible heaters

Electrical:

Dielectric Constant

26 @ 100kHz

Suitable for low speed electronics

Dielectric Breakdown

3200 VDC @ 40 microns, 2500 VDC @ 20 microns,
80 kV/mm @ 40 microns

High breakdown for ceramics, useful in power electronics

Resistivity

>10"

Useful in power electronics

Optical:

Light Dispersion

15% @ 40 microns

Substrate is translucent, enables backlighting, mixes and
diffuses light from multi-color LEDs

Used in military systems

IR Transparent 80% between 2-7 nm

Chemical:
Water Adsorption 0% @ RT Near theoretical density, no moisture affects
Qutgassing 0%, all temperatures High purity, no long term degradation

Chemical Interactions

Not suitable with HF

Can be used in semiconductor processing, FDA approved for
in body applications

ENrG’s current manufacturing is a batch process (i.e., individual sheets). It involves

significant handling of the unsintered ceramic, severely affecting yield and ultimately increasing
the cost of manufacturing. Further, this batch process is energy intensive and lengthy, with the
ceramic in contact with refractory kiln furniture during the entire stationary firing cycle. This
increases the chances of sticking of the ceramic to the support furniture as it shrinks, or of debris
adhering onto the surface of the membrane.

The development and cross-market opportunities have enabled cost reductions of these
thin zirconia membranes, even with the present batch fabrication process. However, imagine a
thin ceramic substrate with the aforementioned harsh environment tolerant properties, available
in rolls up to 300 meters long, for R2R handling and coating. The translucent nature of the
ceramic would aid in alignment of double-sided printing. The ceramic, unlike polymer
substrates, will not stretch or deform under humidity, the processing heat of applying coatings or
during R2R movement.

ADDRESSING THE CHALLENGE

Today a roll of flexible ceramic is not available on the market, but such a product would
revolutionize ceramic component delivery to many large market applications. Producing a R2R
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polycrystalline-sintered ceramic is not trivial. During sintering, the ceramic is shrinking, is a
challenge to keep flat and has weak points during the cycle, presenting handling challenges.

Feasibility was demonstrated at Corning Incorporated in their initial development of thin
membranes, and ENrG further verified viability at the laboratory scale in 2013 shown in Figure
4. With in-house available equipment, ENrG was able to process lengths as long as 0.5 meters
viewed in Figure 5. These preliminary experiments clearly demonstrated that the ceramic could
be continuously processed.

Since the ceramic is very thin and
light, an overwhelming fraction of the energy
spent is used for heating the furnace. ENrG
has done a systematic analysis of energy
consumption in the batch furnace versus a
continuous line. Based on the analysis it is
possible to obtain over 80% energy savings.
In addition there are other benefits such as
30x productivity increase over the same
energy signature, significant capital cost Figure 4 - Thin E-Strate® handled by rollers.
savings, and reduction in amount and - e
replacement of kiln furniture.

A flexible continuous “ribbon” of
Thin E-Strate® would allow feeds into several
commercial direct write / aerosol jetting
systems for products requiring unique circuit
definition, such as RFIDs or other serialized /
labels for harsh environments. A R2R
ceramic product would enable cladding the
ceramic with high performance copper foils
on roll-to-roll  processing lines further
penetrating the flexible electronics circuit
market.

By the end of 2015, ENrG will
introduce an in-line, coatable format of its
Thin E-Strate® product at 20 microns thick,
targeted at 10 meters long, with initial widths
up to 5 centimeters. This is being developed
for customers capable of coating in R2R
form. Investment and development in 2016 and beyond will scale the format to 100-300 meters,
and pursue wider formats.

Figure 5 - 50 cmstnp of Thin E- Strclte® '

SUMMARY

Thin E-Strate® has a number of qualities that make it attractive for high volume
applications requiring a R2R capable substrate for economical deposition of active and passive
coatings. The future ability to scale to a roll-to-roll format offers a substrate option over stainless
steel foils, thin silicon wafers, glass sheets and thick ceramic sheets.

Thin E-Strate® has a very strong value proposition in terms of offering a novel flexible
ceramic membrane, with applications across multiple markets, thereby significantly reducing
costs. In addition, Thin E-Strate® is compatible with many existing coating processes. Offering
this unique ceramic in a R2R format will be a disruptive technology and a game-changer for
many applications in wearable electronics, defense and aerospace, consumer products, embedded
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sensors, medical electronics and extended uses beyond the limits of polyimide flexible
electronics.
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ABSTRACT

Small, uniform ytterbium(IlI)fluoride nanoparticles could be obtained by conversion of
ytterbium acetate hydrate with reactive tetrafluoroborate ionic liquids. In the reaction the anion
of the ionic liquid serves as a mild fluoride source. The influence of the cation of the
tetrafluoroborate ionic liquid (1-butyl-3-methylimidazolium vs. trisbutyltetradecylphosphonium)
as well as the heat providing mechanism (classical heat transfer and dielectric heating) were
investigated. In all cases small, highly crystalline nanoparticles could be obtained which are
promising host materials for optical applications.

INTRODUCTION

New synthetic strategies towards a known material can acutally extend the range of applications
of a given, well-known material. In this regard, the manufacturing of materials on various
lengthscales, especially on the nanoscale, in defined morphologies as regularly shaped, well-
crystallized particles, rods and plates has become more and more imperative with the increasing
significance of nanotechnology. Increasing societal welfare seems to be intimately linked with a
growing demand for energy and in consequence, the smart and responsible management of
energy has become a key factor to guarantee prosperity. Currently around twenty percent of the
total electrical energy consumption in the U.S. are used for lighting purposes [1], and there is a
strong quest for more energy efficient lighting [2]. State-of-the-art as well emerging technologies
rely for the major share on luminescent materials [3]. A key factor in the design of energy-
efficient lighting devices is the quality of light conversion. Energy losses through non-radiative
relaxations, which can arise, amongst others, from defects such as impurities as well as structural
disorder need to be minimized to achieve higher quantum yields. However, the synthesis of a
high-purity and well-crystallized material is especially demanding for nanomaterials. Yet the
demand for luminescent nanomaterials is large — not only for lighting purposes but also for a
number of other application such as (bio-)imaging where the nanoscale is critical in achieving a
better resolution in appliances due to a smaller pixel size.[4] The most versatile materials for
both, lighting and imaging purposes are rare-earth doped ceramics such as rare earth fluorides as
they combine a high chemical and thermal stability with low phonon energies and a large band
gap that is situated around the energy levels of the dopant ions.[5,6] The aim of this work is
therefore to synthesize well-crystallized, nanoscale ytterbium fluoride that can serve as a high-
quality host for luminescent activator dopant ions. A few methods have been established in
recent years for the synthesis of metal nanofluroides: the hydrothermal method, the ultrasonic
route and the microemulsion technique as well as physical vapour deposition methods, amongst
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others. [7-10] We found that the microwave assisted synthesis in ionic liquids (ILs) is
particularly suitable for obtaining high purity and well crystallized nanofluorides.[11] ILs as
solvents and reaction media are beneficial for the synthesis of nanomaterials as the ionic medium
is efficiently able to stabilize electrostatically as well as sterically nanoparticles (NPs) against
coalescence and agglomeration.[12] As they are composed of distinct anions and cations, their
nature can be adapted to the needs of nanosynthesis of ceramic materials through structural
variations on the cation and the anion as well as through the choice of the ion combination.[13]
The ILs can be designed in such a way that it serves not only as the reaction medium and
nanoparticle stabilizer but also as the reaction partner.[14] For the generation of nanofluorides
ILs can be used that serve as a mild fluoride through the decomposition of their complex anions,
namely, tetrafluoroborate or hexafluorophosphate. [11] In the context of nanosynthesis, it is even
possible to use them as an extraordinarily efficient heat transfer medium. As ILs are composed
of ions and the ions themselves typically have a high polarizability ILs are tremendously good
microwave absorbers. In consequence, microwave irradiation of ILs leads to extremely high
reaction rates leading to high nucleation rates and, in turn, the formation of small particles.
Resulting from the direct energy transfer to the reactive species often improved yields, purer
products in the synthesis of nanoceramics are observed. [15] But reactions also may proceed in a
different way due to altered kinetics which can even lead to products or different polymorphs of
crystalline materials. [16]

The aim of this work is to study the influences of two reactive ILs which have distinctly
dissimilar properties as well as the impact of different energy providing mechanism - microwave
radiation vs. conventional heating - on the formation of ytterbium(IIl) fluoride nanoparticles.
YbF; is of importance for a wide number of optical applications where it serves as a host
material that has, in addition to good thermal and chemical stability and a large bandgap, a high
optical transparency from the UV to the far infra-red region of light.[17]

EXPERIMENTAL DETAILS

SYNTHESES
Synthesis and sample handling were carried out using standard Schlenk and Argon-glove box
techniques. The starting chemicals were used as received.

1-Methyl-3-butylimidazolium chloride, [ C4mim]Cl.

For [Csmim]Cl 73 ml (0.914 mol) 1-methylimidazole (99%, Sigma Aldrich) and 95 ml (0.914
mol) chlorobutane (99%, Acros) were heated in 110 ml acetonitrile (99.5%, J. T. Baker) under
reflux at 80 °C for 72 h. After cooling to roomtemperature the solvent was removed under
vacuum. The residual pale yellow oil was dissolved in dichloromethane and recrystallized from
toluene at -50 °C to yield white crystals. Finally, the product was dried from any remaining
solvent for 24 h under dynamic vacuum at 80 °C. Yield: 124.53 g (78 %). 'H-NMR &u /ppm
(298 K, 250 MHz, CDCl3):10.79 (s, 1 H, N=CH-N), 7.50 (t, 1 H, N-CH=CH-N), 7.37 (t, | H, N-
CH=CH-N), 4.30 (t, 2 H, N-CHx-(CH)>-CH3), 4.10 (s, 3 H, N-CHs), 1,87 (quin., 2 H, N-CHx-
CHy-CHx-CHs), 1.34 (sex., 2 H, N-(CH,)>-CH>-CHs), 0.93 (t, 3 H, N-(CH>)3-CHs). Anal. Calced
for CsHisNoCl: C, 55.0; H, 8.7; N, 16.0. Found: C, 54.8; H, 8.7; N, 16.1

1-Methyl-3-butylimidazolium tetrafluoroborate, [ Csmim][ BF4].

To obtain [Csmim][BFs] a mixture of 122.1 g (0.7 mol) 1-butyl-3-methyl-imidazolium chloride
and 76.9 g (0.7 mol) sodium tetrafluoroborate (98%, Aldrich) was added to 800 ml acetonitrile.
The mixture was stirred at room temperature for 72 h. The colorless precipitate was filtered off
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and the obtained solution washed with acetone and stirred for additional 24 h with 5 g activated
carbon. After another filtration, the solvent was removed in vacuo. The residual liquid was
mixed with 300 ml dichloromethane (99.9%, Fisher Scientific) and washed with little amounts of
water in order to remove the chloride. Finally, the solution was dried over magnesium sulfate,
then the solvent was removed in vacuo and the residual liquid was dried at 80 °C for 24 h. Yield:
134.5 g (85 %).

'"H-NMR  8u /ppm (298 K, 250 MHz, CDCl3): 8.64 (s, 1 H, N=CH-N), 7.37 (t, 2 H, \-
CH=CH-N), 4.14 (t, J=7.4 Hz, 2 H, N-CH»-(CH)>-CH3), 3.88 (s, 3 H, N-CHz), 1.87-1.72 (m, 2
H, N-CH,-CH,-CH>-CHj), 1.38-1.20 (m, J=7.3 Hz, 2 H, N-(CH:)»-CH>-CH3), 0.86 (t, J=7.3 Hz,
3 H, N-(CH);-CH;). IR Z/[cm']: 3164 (w), 2964 (w), 1573 (m), 1466 (w), 1285 (w), 1169
(m), 1033 (s, BF4), 847 (m), 753 (m), 623 (m), 520 (m). Anal. Calcd for CsH;sNoBEs: C, 42.5;
H, 6.7; N, 12.4. Found: C, 42.2; H, 6.6; N, 13.0. Mass spectrometry (FAB) mz. 139.1
([Camim]+), 365.2 (M-[C4mim]+).

Tributyltetradecylphosphonium tetrafluoroborate, [Pas414][ BF4].

The ionic liquid [Ps4414][BFs] was synthesized by stirring a mixture of 21.76 g (0.05 mol)
tributyltetradecylphosphonium chloride (Cytec Canada Inc.), 5.76 g (0.05 mol) sodium
tetrafluoroborate (98%, Aldrich), and 250 ml acetonitrile (99.5% J. T. Baker) at room
temperature for 72 h. Then, the mixture was filtered and the colorless precipitate was washed
with acetone. The solvent was removed in vacuo and the residual liquid was mixed with 300 ml
dichloromethane (99.9% Fisher Scientific). After washing with water until all chloride was
removed, the solution was dried over magnesium sulfate (99.99% Riedel de Hien), and the
solvent was removed in vacuo. The residual liquid was dried at 80 °C for 24 h. Yield: 20.2 g (83
%). 'THANMR  8u /ppm (298 K, 250 MHz, CDCl3): 2.26-2.02 (m, 8 H, P-CH,-(CH,)x-CHs),
1.57-1.40 (m, 16 H, P-CHs-(CH,)2-(CHz)x-CHs), 1.23 (m, 20 H, P-(CH,)3-(CHz)x-CHs), 0.95 (t,
J=6.8 Hz, 9 H, P-(CH,):-CH3), 0.85 (t, J=6.7 Hz, 3 H, P-(CH,)13-CHz). IR/ [em']: 2921 (w),
1465 (w), 1048 (m). Anal. Caled for Co¢HssPBFs: C, 64.2; H, 11.6. Found: C, 63.9; H, 10.7.
Mass spectrometry (FAB) mz 399.4 ([P44414]+), 883.7 (M-[P44414]+).

YbE; nanomaterial.

In a typical reaction a solution of 4-10-3 mol ytterbium acetate tetrahydrate (99.9% ABCR ) in
0.3 ml ethylene glycol (99%, J. T. Baker) was added to 2 ml of [Csmim][BFs] or [P44414][BF],
respectively. For conversion in the microwave the reaction mixture was placed in 10 ml glass
vessels equipped with a Teflon© septum and heated within 5 min. to 120 °C in a single mode
microwave operating at 2455 MHz (CEM Discover). After 10 min. of heating at 120 °C and
continuous stirring the conversion was completed and the reaction mixture was cooled to room
temperature by means of pressurized air. Alternatively, the reaction was carried out in Teflon®
lined steel autoclaves. Here the mixture was heated at 120 °C for 20h in a lab furnace (Heraeus,
Hanau, D). After cooling to room temperature, the resulting colloidal solutions were centrifuged,
washed twice with ethanol and once with water. The obtained colorless powders were dried at 90
°C.

CHARACTERIZATION
Elemental Analysis. Elemental analyses were obtained on a Vario EL (Elementar
Analysensysteme GmbH, Hanau, D).

Nuclear magnetic resonance (NMR) spectroscopy.
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'H-NMR spectra were measured on a Bruker Advance DPX 200 and a Bruker Advance DPX
250 spectrometer (Bruker Germany GmbH, D). The peaks corresponding to the residual protons
of the deuterated solvents were used for reference.

Infra-red (IR) spectroscopy.

Attenuated total reflection (ATR) spectroscopy was carried out on an Alpha P ATR
spectrometer, which is equipped with a diamond crystal (Bruker, Karslruhe). Solid samples were
pressed on the crystal, liquid samples were dropped on the crystal.

Mass (MS) spectrometry.

Mass spectrometry was carried using a VG Autospec mass spectrometer of the company VG
instruments (Kent, USA). The spectrometer exhibits EBEE geometry. Due to the low vapour
pressure of ionic liquids, fast atom bombardment (FAB) was used to ionize the samples.

Powder X-ray diffraction (PXRD).

Powder X-ray diffraction measurements were carried out on a XRD Huber G670 (Rimsting)
operating with monochromatized MoKa radiation. For the measurement, the YF; powders were
sealed in Lindeman glass capillaries of 0.3 as well as 0.5mm diameter.

Transmission electron microscopy (TEM).
A transmission electron microscope H-8100 of the company Hitachi (Tokyo, Japan) additionally
equipped with an Oxford EDX detector Penta FET was applied.

RESULTS AND DISCUSSION

Synthesis.

Tetrafluoroborate ionic liquids are known to release fluoride upon heating and in contact with
water. This reaction can be used to convert rare earth salts to the corresponding fluorides.
Conveniently, the use of such reactive ILs omits the use of hazardous hydrogenfluoride to
generate phase-pure fluoride material. As the fluoride is generated in-situ and is immediately
consumed by the rare earth cations, the reaction not only proceeds with a high atom economy but
is an extremely benign and safe way to generate nanosized metal fluorides. Aside from providing
the fluoride source, the IL also serves as the NP stabilizer. Past experiments have given evidence
that in case of ceramic materials the cation plays a decisive role in the NP stabilization as well as
the size and morphology control of the final product [17]. For that reason two ILs with distinctly
different cations were chosen: The tetrafluoroborate of 1-butyl-3-methylimidazolium and
trisbutyl-tetradecylphosphonium. Whilst the 1-butyl-3-methylimidazolium cation ([ Csmim]*) has
an aromatic -system as well as acidic ring protons that can interact with the generated material
and also renders the IL in itself more hydrophilic, the trisbutyl-tetradecylphosphonium cation
([P44414]") is not only considerably larger (and thus less basic [19]), but it featuress also a long
alkyl chain, saturated cation which makes the IL itself substantially more hydrophobic.

To convert the starting material, ytterbium(III) acetate, to the trifluoride by reaction with
the tetrafluoroborate ionic liquid two different heat sources were examined: First, conventional
heating where glass containers with the reaction mixture were heated in a laboratory furnace.
Heating was achieved here via classical heat transfer. Secondly, direct, dielectric heating of the
reaction medium and the starting material via microwave irradiation was explored. Full
conversion of the starting materials to the products was achieved already in a few minutes due to
the efficient energy uptake of the IL.
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Powder X-ray Diffraction.

In order to analyse the products from conversion of ytterbiumacetate tetrahydrate with
[C4mim][BFs] and [Pa4414][BFs] to YbF; under microwave and conventional heating, X-ray
powder diffraction (PXRD) studies were carried out. For all samples, the diffraction peaks in the
powder diffraction patterns (shown in Fig. 1) can be attributed to YbF; crystallizing in the YF;
type of structure. [20] No diffraction peaks pointing to impurities like, for example, YbOF or
Yb,0s3 or the starting materials could be detected. However, the relative intensities of the
diffraction peaks vary for the materials obtained via conventional heating in a furnace (Fig. 1 b
and ¢) compared to the ones obtained from microwave heating (Fig. 1 d and e). This becomes
most obvious when comparing the relative intensities of the (111) and (020) diffraction peaks.
For the material obtained by conventional heating, the relative peak intensities are quite similar
to the expected values, as can be seen by comparison with the simulated powder pattern (Fig. 1
a), whereas for the samples, that were heated in the microwave, the (020) diffraction peaks gain
significantly more intensity than the (111) diffraction peaks indicating substantial texture effects
and an anisotropic particle growth.

Intensity [a. u.]

20 []

Figure 1. Powder X-ray diffraction pattern of synthesized YbF;. a) Database pattern simulated
from ICSD 9844, b) YbF: synthesized with [Csmim][BFs;] by in the furnace, c¢) with
[Paa414][BE4] in the furnace, d) with [Cymim][BF4] in the microwave, e) with [Pa4s414][ BF4] in the
microwave.

In addition, the particles synthesized in the microwave seem to have a larger peak width, which
points to a smaller particle size. In order to quantize this assumption, the particle size has been
calculated from the full width half maximum (FWHM) of diffraction peaks at different
diffraction angles using the Debye-Scherrer equation (eq. 1) with K being the particle shape
constant (0.9 is used here), A being the wavelength of the used radiation (Mo-Ka, 0.07093 nm):
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K-1-57.3

=—— = - equ. 1
FWHM -cos®

Unfortunately, the broadness of the diffraction peaks leads to a large overlap. For that reason,
only the (210) and (121) diffraction peaks are considered to calculate the crystal particle size as
they do not overlap with neighbouring diffraction peaks (Table 1).

Table 1: Debye-Scherrer particle size evaluation for the different YbF; samples.

Synthesis route hkl FWHM [°] Particle size /nm
[Camim][BFs], furnace (020) 0.320 11.97
(111 0.285 12.86
(210) 0.265 13.92
(121) 0.265 13.95
[Paaq14][ BFy], furnace (020) 0.370 10.35
(111)  0.460 7.96
(210) 0.410 8.99
(121) 0.365 10.13
[Cs4mim][BE], microwave (020) 0.623 6.12
(111 1.08 3.39
(210) 0.440 8.38
(121) 0.470 7.86
[P44414][ BEs], microwave (020) 0.595 6.42
(11 1.09 3.36
(210) 0.495 7.45
(121) 0.465 7.95

Noticeably, the particles synthesized in the furnace exhibit a larger size than the particles
synthesized in the microwave. In addition, the particles synthesized with [Csmim][BFs] seem to
be slightly larger than those obtained from [Puss14][BF4]. To confirm this, transmission electron
microscopic (TEM) studies were undertaken.

Transmission Electron Microscopy (TEM).

The TEM micrographs observed for the YDbF; particles synthesized in the furnace with
[Cysmim]|[BFy] are presented in Fig 2. On the left site, an overview micrograph shows rhombic
particle agglomerations with an average length of 400 nm and a width of about 250 nm. In fact,
the rhombic agglomeration consists of smaller particles and crystalline growth areas are shown
in the upper left insert of Fig. 2. The crystalline area has been enlarged in order to emphasize the
particle intergrowth. Lattice plane resolution could be achieved (Fig. 2, bottom left) and the
TEM image confirms the uniform crystalline growth. This is supported by the corresponding
selected area electron diffraction pattern (SAED), shown in Figure 2, bottom right. The electron
diffraction pattern consists of single diffraction peaks which meet reflection conditions for YbF;
crystallizing in the YF; type of structure. The size of the single crystalline areas is in agreement
with the PXRD observations.
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| A nm

Figure 2. TEM micrographs and YbF; particles synthesized from

[Cymim][BE4] in the furnace.

TEM micrographs of YbF; synthesized with [Csmim][BFs] under microwave irradiation are
displayed in Fig. 3. They show small particles forming bundle like agglomerates. These
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agglomerates have an average length of 800 nm and a width of about 280 nm. The individual
particle size varies in a range of 5-20 nm which is in good agreement with the PXRD results.

Figure 3. YbF; particles synthesized from [ C4mim][BE4] in the microwave.

On the contrary to the previous samples, smaller particles can be obtained when using the
hydrophobic phosphonium ionic liquid [Pa4s14][ BF4]. For material prepared from this ionic liquid
by heating, the TEM micrographs (Fig. 4) reveal particle with an average size of 10 nm. Still
aggreagates form, but the particles appear to be much more separated compared to synthesis in
[Csmim][BFs], HRTEM and SAED confirm that these areas are single crystalline. However, it
has to be noted that the observed individual diffraction peaks are broadened comparted to the
material obtained by a similar procedure in [Csmim][BFs]. First signs of diffraction rings also
point to increasing polycrystallinity.
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Figure 4. YbF; particles synthesized from [Pass14][ BF4] in the furnace.
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Also for YF; material synthesized form [Pas414][BF4] in the microwave, the particles seems to
be more loosely aggregated that when [Csmim][BFs] was employed in the synthesis (Fig. 5).
Yet, loose aggregates with a length of about 850 nm and a width of 200 nm can be made out.
However, in contrast to the synthesis in the furnace, when microwave irradiation is used as the
energy providing source, the particles become less uniform and the size distribution spreads
between 5 and 80 nm.

Figure 5. YbF; particles synthesized from [Ps4s14][ BFs] under microwave irradiation.

CONCLUSIONS

YbF; nanoparticles of high crystallinity were successfully synthesized by reacting ytterbium
acetate hydrate with 1-butyl-3-methylimdazolium and trisbutyltetradecylphosphonium
tetrafluoroborate under conventional heating or by microwave irradiation. The tetrafluoroborate
salts serve a multi-fold purpose: They are not only the solvent for the starting material and the
reaction medium, but also the fluoride source and serve as the stabilizing agent for the
nanoparticles. Thus, no additional surfactants and stabilizers need to be used to obtain
nanoparticles. However, due the fact that the tetrafluoroborate ion decomposes, the particles had
to be cleaned from the stabilizing IL prior to TEM investigations. This lead to substantial
particle aggregation. This is commonly observed for nanomaterial obtained from ILs.
Nevertheless, it is possible re-disperse the material in the IL or another solvent by sonication.
When it comes to microwave synthesis, the IL provides steep heating rates through dielectric
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heating. Thus, the reaction times could be reduced substantially — from hour for conventional
heating to minutes. However, this certainly affected the product. The microwave reaction not
only proceeded faster but also yielded smaller particles compared to conventional heating.
However, the extended reaction time of the conventional heating procedure resulted in a higher
product crystallinity and in smaller particle size distributions. Not only the heating procedure
affected the particle size and morphology, but also the cation of the ionic liquid showed a
notable impact. In case of trisbutyltetradecylphosphonium tetrafluoroborate smaller and more
separted particles could be obtained, when compared to products obtained from 1-butyl-3-
methylimidazoliumtetrafluoroborate. Nevertheless, in all cases material of small particle size and
high crystallinity could be obtained in relatively safe and mild procedures.
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