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Dear Sir:

This letter provides a summary of the Naval Reactors Prime Contractor Team (NRPCT)
evaluation of potential reflector materials for a Prometheus application. Most of the information
provided herein, including discussions of candidate materials, was developed in support of a
future down-selection to allow focused materials development. The down-selection
recommendation was not compieted due to Prometheus program restructuring.

Summary:

The two materials studied in depth which appear to have the most promise in a Prometheus
reflector application are beryllium (Be) and beryllium oxide (BeQ). Three additional materials,
magnesium oxide (MgO), alumina (Al;O,), and magnesium aluminate spinel (MgAl.Q,) were
also recently identified to be of potential interest, and may have promise in a Prometheus
application as well, but are expected to be somewhat higher mass than either a Be or BeQ
based reflector.

Literature review and analysis indicates that material properties for Be are largely known, but
there are gaps in the properties of BeO relative to the operating conditions for a Prometheus
application. A detailed preconceptual design information document was issued providing
material properties for both materials (Reference (a)). Beryllium oxide specimens were planned
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to be irradiated in the JOYO Japanese test reactor to partially il the material property gaps, but
more testing in the High Flux Isotope Reactor (HFIR) test reactor at Oak Ridge National
Laboratory (ORNL) was expected to be needed. A key issue identified for BeO was obtaining
material for irradiation testing with an average grain size of ~5 micrometers, reminiscent of
material for which prior irradiation test results were promising. Current commercially available
material has an average grain size of ~10 micrometers. The literature indicated that improved
irradiation performance could be expected (e.g., reduced irradiation-induced swelling) with the
finer grain size material. Confirmation of these results would allow the use of historic irradiated
materials test results from the literature, reducing the extent of required testing and therefore the
cost of using this material.

Environmental, safety and health (ES&H) concerns associated with manufacturing are
significant but manageable for Be and BeO. Although particulate-generating operations (e.g.,
machining, grinding, etc.) involving Be-bearing materials require significant controls, handling of
clean, finished products requires only modest controls. Neither material was initially considered
to be viable as a structural material, however, based on improved understanding of its
unirradiated properties, Be should be evaluated due to having potentially acceptable structural
properties in the unirradiated condition, i. €., during launch, when loads might be most limiting.

All three of the alternative materials are non-hazardous, and thus do not engender the ES&H
concerns associated with use of Be or BeO. Aluminum oxide is a widely available ceramic
material with well characterized physical properties and well developed processing practices.
Although the densest (3.97 g/cm® versus Be: 1.85, BeO: 3.01, MgO: 3.58, and MgAlLLO,: 3.60,
all theoretical density), and therefore the heaviest, of all the materials considered for this
application, its ease of fabrication, mechanical properties, availability and neutronic
characteristics warrant its evaluation. Similarly, MgO is widely used in the refractory materials
industry and has a large established manufacturing base while being lighter than AlLO;. Mast of
the commerciaily available MgO products incorporate additives or a second phase to avoid the
formation of Mg(OH). due to spontaneous reaction with ambient humidity. The hygroscopicity of
MgO makes it a more difficult material to work with than Al,O; or MgAlL,Q,. Magnesium
aluminate spinel, although not as widely available as either Al,O; or MgO, has the advantage of
a density almost as low as MgQ without being hygroscopic, and shares comparable neutronic
performance characteristics in the reflector application.

Background:

Beryllium and BeO have been considered for and used in many nuclear applications, e.g.,
reflector/moderator, nuclear fusion applications including first wall protective armor, and solid
breeding blankets. In a space reactor application, the reflector materials must be able to change
the amount of fast neutron leakage when moved, as well as remain physically stable throughout
life. Beryllium clearly has the advantage, relative to other candidate materials, in required
nuclear properties to efficiently perform the function of a fast neutron reflector, namely, low
neutron absorption, high neutron scattering, high atom density and a beneficial (n,2n)
multiplication reaction. Beryllium also provides moderation (lowering fast neutron enhergies),
which can be beneficial to reactor design. Commercial use of Be and prior Be research has
characterized much of the Prometheus design space for the commercially available grades of
Be (Brush Wellman grades $-65 and S-200F). In addition to the beneficial nuclear properties of
the Be atom, BeO also provides a higher total atom density and inelastic scattering by oxygen,
which increases the neutron moderation.

An important issue associated with BeO and Be manufacturing is ES&H concerns. Beryllium
and BeO are hazardous materials causing lung disease and skin irritations in a fraction of the
population. Inhaling particulate materials containing Be can cause a serious lung disease called
chronic beryllium disease (CBD), and any handling of powders or processing, such as grinding
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or machining, that produces fine particulate must be done with strict controls and appropriate
personnel protective measures.

Aluminum oxide, MgO, and MgAl,O, were alsc under consideration as reflector materials for the
space nuclear power plant (SNPP) due to their wide availability, non-hazardous nature, well
established vendor base and neutronic performance comparable to Be and BeOQ (for given
reflector thickness). Although non-moderating, these materials have very similar performance
characteristics as reflector materials to the Be based materials in this particular application.
However, these materials would have a mass penalty associated with their use, which would
need to be closely evaluated in the final reflector material selection. Additionally, these
materials, especially MgO, have not been as extensively characterized with regard to irradiation
behavior as have Be and BeO. The limited data available for alumina and spinei indicates that
performance is probably acceptable, but substantial irradiation testing, and the associated
expense, would be a necessary part of evaluation of these materials.

Discussion:

The Prometheus reflector design efforts primarily evaluated sliding reflectors, however drum
reflectors were also considered in reactor concept studies. The assessments reported in this
letter assume sliding reflectors, however, material findings should be generally applicable to
both reactor control approaches. Prometheus reflector neutronic studies indicated that Be, BeQ,
MgO, Al,O;, and MgAl,O, provided comparable reactor control for a comparable thickness
reflector (Reference (b)). Highly enriched boron carbide (*'B4C, 99.99%) was also shown to
provide comparable reactor control compared to the other materials. However, due to the high
costs associated with isotopic enrichment, material properties of ''B,C were not investigated.
Depending on the reflector design, the reflector material may provide structural support
(potentially lowering overall system complexity and mass), or may simply be incorporated into a
reflector structure (i.e., canned and supported). Of the five materials considered, only Be may
have structural properties that could potentially be exploited in a design (Enclosure 1), but this is
considered unlikely. Although density is expected to be a key variable, detailed system design
trades are needed to select the preferred reflector material. A summary of the candidate
reflector materials is as follows.

Beryllium
Unirradiated and irradiated material properties are largely known and discussed in Enclosure 1.

Beryllium is the lowest density candidate material (~1.85 g/em®) and has a melting point of
~1558 K. It can be considered for structural application, but is known to embrittie under
irradiation to relatively low fast fluences (~7.5x10%° n/cm?E>1 MeV, see Enclosure 1).

Beryllium Oxide
In addition to the external radial reflector, BeO was also evaluated as an axial reflector within

the fuel element because of its very high melting point, ~2840 K. Following a detailed literature
review and analysis, material property data gaps for these applications were identified
(Enclosure 2). Most of the data available was from the 1950's and 1960's and were obtained
from different grades of BeO (i.e., impurity content, processing and grain size) than those
currently available commercially. The grain size of BeO is reported to strongly affect the
irradiation properties (primarily swelling). A contract was placed with Brush Ceramic Products
(BCP) to procure BeO specimens for material property testing. A significant part of this effort
was to produce material with a nominal grain size of 5 microns as compared to their standard
material BW-1000 which displays a nominal grain size of ~10 microns. Following three
experimental runs the grain size was reduced to ~7 microns. Results of this contract are
discussed in Enclosure 2. Specimens were planned to be tested at various fluences (1.3 —
5.1x10?" nfcm? (E>0.1MeV)) and temperatures (850K and 1050K) in the JOYO test reactor.
irradiation testing of BeO was also planned in the HFIR at ORNL. The focus of these irradiation
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tests was to determine irradiation swelling, irradiated thermal conductivity and irradiated
compressive strength. lrradiation swelling was identified as a key parameter in determining the

viability of BeO as a reflector material (Reference (a)). Details of planned BeQ irradiation testing
are described in Enclosure 2.

A plan was developed with BCP to safely handle BeQ test specimens intended for irradiation
testing. This plan, described in Enclosure 2, included loose surface contamination limits,
cleaning procedures, Be detection methods and packaging/shipping requirements for BeO test
specimens. A key outcome from this planning was assurance that BeO specimens could be
handled safely provided no actions were taken that would produce loose BeO particulate (e.g.,
no grinding, machining, etc.).

Aluminum QOxide

Aluminum oxide unirradiated material properties are well known and presented in Enclosure 3.
Aluminum oxide is a well characterized material with a broad vendor base and is obtainable at
low cost. It has a high melting point (~2343K), but limited irradiation data is available.

Magnesium Oxide

Magnesium oxide is a thoroughly studied refractory material (T, ~3123K) with a large
unirradiated material properties database. It has an established vendor base but most of the
commercially available material needs an additive to prevent the reaction of MgO with
atmospheric water. Magnesium oxide does have the lowest density of the non-moderating
materials. Irradiated material properties are not well known. Material properties are
summarized in Enclosure 3.

Magnesium Aluminate Spinel .
Magnesium aluminate spinel is not as widely available commercially as MgQ or Al,Os, but it is

also a well characterized material. It is similarly refractory to MgO and Al,O; with a melting point
of ~2408K. Its primary advantage for this application is that it is just slightly heavier than MgO
but it is non-hygroscopic. Knowledge of irradiated material properties is limited, and significant
irradiation testing would be required. However, the limited irradiation data reported universally
indicates that spinel is exceptionally stable in irradiation at elevated temperatures, lending
credibility to its inclusion as a candidate for the reflector material. Material properties are
described in Enclosure 3.

Enclosures 1 through 3 provide materials information on Be, BeQ, and the alternate materials,.
Al;0;, MgO, and MgAI,Q,, respectively. Enclosure 4 provides an annotated bibliography for
reflector materials.

Conclusions:

Beryllium and BeO remain the leading candidate materials for a Prometheus reflector

application, based primarily on the likelihood that they represent the lowest mass solutions.

Recently identified alternate materials, Al,O5, MgO, and MgAl,O, may be promising, less

hazardous alternatives to Be and BeO, but require more evaluation, especially with regard to

irradiation behavior. Their use will incur a mass penalty that must be traded off against the

ES&H concerns with Be and BeQ from both manufacturing and the potential for dispersion

during inadvertent spacecraft re-entry. The latter is considered in more detail in Reference (b)

and needs to be balanced against the total Be/BeO inventory on the spacecraft. Enriched YB,C

was also identified as a potential reflector material, but its material properties were not studied. .
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Material properties for Be and BeO were reviewed and are compiled in Enclosures 1 and 2,
respectively, and should support future researchers’ efforts to begin preconceptual designs of a
space reactor reflector. Beryllium material properties are well characterized, but confirmatory
testing may be required. However, further testing and probably grain size modification of BeO
are still required, especially with regard to irradiation induced swelling, irradiated thermal
conductivity and compressive strength. ES&H issues associated with Be containing materials
were identified and addressed, including a process to clean BeO specimens and detect loose
Be surface contamination. Safety issues were considered to be manageable.

Material properties and general availability of aluminum oxide, magnesium oxide and
magnesium aluminate spinel have been compiled and are included in Enclosure 3. These
oxides are good candidate materials for this application, but adequate characterization of
irradiated material properties would require substantial testing, and the mass penalty associated
with their use must be thoroughly evaluated.

Concurrence and Acknowledgement:
The Manager, Space Materials (Simonson), the Manager, Advanced Materials Technology
(Hack) and the Manager, Reactor Nuclear Design (Gideon) concur with this letter.

NR Action Requested:
This submittal is for information. No NR action is requested.

Very truly yours,

A o B [ Loih st felen o

Jame$§ Naséh, Engineer ra Stimely, Engineer.””
Fuel and Shield Technologies Space Plant Materials Engineering
Space Materials, KAPL Space Materials, Bettis

é— réj‘ Y o ne Aaﬂédv‘
Vicénte Munne, Senior Endineer ’/"’/""

Space Plant Materials Engineering
Space Materials, Bettis

Approved by:

mpbell, Manager Wayrfe Ohlinger, Managerd / /2 /foe
Fuel/and Shield Technologies Space Plant Materials Engineering s2150
Space Materials, KAPL Space Materials, Bettis
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. Beryllium (Be) was considered to be an attractive, viable low mass reflector material. This assessment
of Be provides information used in the consideration of Be for use in space nuclear reflector
applications. Commercial grades of Be are discussed and work completed by the Naval Reactors
Prime Contractor Team (NRPCT) is summarized. A literature review of material properties provides a
pre-conceptual design basis for Be. Literature review and analysis indicates that material properties
for Be are largely known. Furthermore, based on commercial use of Be in operating conditions similar
to a Prometheus type reactor and known material properties, limited confirmatory testing of Be is
expected to be required. The NRPCT judges that if temperatures are within Be material limits (not
determined at this time), Be is competitive to beryllium oxide (BeQ) as a reflector material based on
mass, cost and fabricability.

1. Introduction

Beryllium (Be) has been considered for use in nuclear applications since the beginning of the nuclear
era. There is a vast experience base with the use of Be in core, e.g., the Advanced Test Reactor
(ATR) and the High Flux Isotope Reactor (HFIR) use Be as reflectors. Beryllium possesses many
attractive features for use in a space reactor, especially as a reflector or moderator (Reference (a):

High neutron scattering cross section (0,= 6 b)

Low thermal neutron absorption cross section (o,= 8 mb)

High (n, 2n) neutron multiplication cross section (o, 2, = 125 mb)
Low atomic weight (9.012182 g/mol)

Low density (1.85 g/cm®)

High atom density (0.123 atom/barn-cm)

The low thermal neutron cross section of Be minimizes the loss of neutrons while the high neutron
scattering cross section minimizes the distance between scattering events (Reference (b)).
Additionally, Be has been evaluated for nuclear fusion applications such as first wall protective armor
and solid breeding blankets (Reference (c)). Research for use in these applications involved extensive
testing of modern grade material (the same grade likely to be used in space reactor applications: S-65
structural grade Be from Brush Wellman). These efforts have largely characterized the unirradiated
and irradiated properties of Be.

1.1 Beryllium Grades

Characterization of many different grades of Be is reported in the literature. This includes older Be
grades produced in the 1950’s, Russian grade Be, and the Be made today in the USA (Brush
Weliman). The mechanical properties of Be tend to differ significantly from grade to grade. The main
differences between the various grades of Be include the impurity content (primarily beryllium oxide,
BeO) as a weight percent and processing method. The NRPCT focused on four grades of high purity
Be available from Brush Wellman (Table 1).
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Table 1: Brush Weliman Beryllium Grades (References {d) — (h))

Grade S-65 (d) S-65H (e) §-200F (f) S-200FH (g)
. Vacuum Hot Hot Isostatic
Processing Press (VHP) | Press (HIP) VHP HIP
Be min wt% 99 a9 98.5 98.5
BeO max wt% 1.0 1.0 1.5 1.5
Al max wt% 0.06 0.06 0.1 0.1
C max wt% 0.1 0.1 0.15 0.15
Fe max wt% 0.08 0.08 0.13 0.13
Mg max wt% 0.06 0.06 0.08 0.08
Si max wt% 0.06 0.06 0.06 0.06
% Theoretical
Density (min) 890 89.7 99.0 , 99.7
Ave. Grain Size
(microns) (h) 84 6.6 82 7.1

1.2 Impurities

Principle impurities include beryllium oxide (BeO), aluminum (Al), iron (Fe), silicon (Si) and

magnesium (Mg). These impurities are usually introduced during the fabrication and processing of the
material. At high temperatures BeO particles tend to inhibit grain growth which stabiiizes the .
microstructure and limits creep — similar to dispersion strengthened alloys (Reference (i)). However, at

lower temperatures the BeO particles behave as stress concentrators, increasing the chance of iocal

failure {microcracks). Additionally, an increased BeQ content significantly decreases the ductility of

Be. The decreased ductility becomes more pronounced under irradiation at higher temperatures

(Reference (a)).

Aluminum and Fe impurities are also an integral part of Be properties. Excess Al at the grain
boundaries (impurities segregate to the boundaries in low melting, eutectic phases) is responsible for
minimum ductility values at temperatures above the melting point of Al (823K). In addition, the
material begins to fail intergranularly when under stress and above 923K (Reference (i)}. It was
determined that the upper content limit of Al to prevent intergranular failure was 200 weight ppm
(Reference (i)). Iron in the Be will combine with the free Al. Because of this, it is critical to maintain a
sufficient Fe content to combine with all free Al, preventing Al segregation to the grain boundaries
(Reference (i)).

1.3  Processing and Fabrication

Variations in Be properties also arise from different processing methods used in fabrication such as

cold pressing (CP), cold isostatic pressing (CIP), vacuum hot pressing (VHP), hot isostatic pressing

(HIP), sintering, extrusion, plasma spraying and casting (Reference (j)). The four Be grades in Table 1

are either VHP or HIP material. VHP Be is fabricated by pressing Be powder in a cylindrical die,

applying pressure from top and bottom rams while at an elevated temperature in vacuum. Mechanical
properties tend to be more anisotropic with the longitudinal (parallel to pressing direction) properties

generally lower than the transverse (perpendicular to pressing direction) properties. VHP Be generally .
has coarse BeO (0.1 ~ 0.5 pm) particles with a heterogeneous dispersion located at the Be grain

boundaries (Reference (i)). HIP Be is fabricated by pressing Be powder in a sealed can within a
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pressure vessel at elevated temperature. Pressure is applied uniformly from all directions by argon
(Ar) gas. This results in nearly isotropic mechanical properties and is often used for complex, net
shaped parts. HIP Be typically has fine BeO (0.05 - 0.1 pm) particles uniformly dispersed along the
Be grain boundaries (Reference (i)). The microstructure of S-85 and S-200F Be is shown in Figure 1
(Reference (k)). Samples were taken from a billet consolidated from impact-ground powder. The
polarized light micrographs (Figure 1) show equiaxed grains with particles of BeO. Bright areas are
locations where BeO has “pulled-out” during metallographic preparation (Reference (k)).

The grain size of the Be is of some interest. Beryllium follows the Hall-Petch relationship, which states
that the strength of the material is proportional to the inverse square root of the grain size.
Consequently, smaller grain sizes result in higher strengths (Reference (h)). From Table 1itis
observed that HIP Be generally has a smaller average grain size than VHP Be and accordingly
demonstrates higher strength (average VHP yield strength = 290 MPa and HIP yield strength = 354
MPa (Attachment A to Enclosure 2).

Figure 1: Microstructure of S-65 and S-200F Grade Be (Reference (k))

2. Work Done to Date

Attachment A to Enclosure 2 provides reflector material property information which supported pre-
conceptual Prometheus reactor design efforts. Information provided in Attachment A was formally
documented in Reference (I) which superceded prior reflector material property information issued in
Reference (m)).

. Attachment A to Enclosure 2 provides data and discussion of data sources where available, for the

following Be properties:
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Composition, density, maximum use temperature, melting temperature
Thermal conductivity

Thermal expansion (mean and instantaneous)

Specific heat

Modulus of elasticity

Emissivity

Yield strength

Ultimate tensile strength

Poisson’s ratio

[rradiation swelling

A significant amount of literature review and analysis was performed as part of this effort. To the
extent possible, available data, NRPCT-recommended equations and competing equations were
provided. However, more work remains to be done, both in terms of literature review and data
analysis to identify further data and recommend testing. The NRPCT judged the Attachment A
material properties sufficient to support pre-conceptual design studies, but not final design studies.

Since the majority of the data presented in this attachment was obtained from open source literature,
the measurement uncertainties in the data are not quantified. For example, it is commonly understood
that the measurement uncertainty associated with thermocouples alone can be + 0.5 to 1.0%. These
and other uncertainties are not accounted for specifically in data presented herein. Statistical analysis
and review included linear regression and curve-fitting techniques for the raw data, which provides
some confidence, but is not a replacement for full understanding of the experiments. Therefore, the
robustness of the data is questionable. Since the recommended equations were generated using all
available data from the literature, additionai data is required to validate these equations and
relationships. Key references are included in the Annotated Bibliography in Enclosure 4.

3. Conclusions/Key Findings

* [f design conditions (e.g., temperature conditions) allow the use of Be as a reflector material, it
would be considered over BeQ for the following reasons: potentially lower mass; likely lower
cost overall; more simple to design with and fabricate.

¢ Beryllium has been studied on and off for several decades. Much of the data spans the
expected Prometheus design space and is reported for modern grades of Be (S-65 and S-
200F).

« Data and correlations are given for physical (density, melting temperature, maximum use
temperature), elastic (elastic modulus, Poisson's ratio), thermal (thermal expansion, thermal
conductivity, emissivity, specific heat) and mechanical (tensile yield strength, ultimate tensile
strength) properties of Be.

¢ From the material property assessment (Attachment A to Enclosure 2), it was identified that
minimal property testing (irradiated and unirradiated) is required for Be. This property
assessment provides a preliminary design basis for the use of Be in space nuclear
applications. Figure 2 provides a summary of the irradiation data available for Be and the
estimated Prometheus operating conditions (fluence and temperature predictions for
Prometheus are based on design assumptions that are subject to change based on final
reactor design) (References (h) and (n)-{u)).

» Although no testing was proposed, the NRPCT planned to fund Oak Ridge National
Laboratory {ORNL) to modify an existing laboratory to carry out thermal and mechanical

PRE-DECISIONAL - For Planning and Discussion Purposes Only




Page 7 Enclosure (1) to
MDO-723-00486/
B-MT(SPME)-23

property measurements on irradiated space materials, potentially including Be. Attachment 7
to Enclosure 2 of Reference (v) describes the plan for the laboratory
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Figure 2: Existing Irradiated Be Thermal, Mechanical and Swelling Data with Prometheus
Design Space (Reference (h) and (n)-{u))

4, Future Work

As identified in Attachment A to Enclosure 2 and Reference (I). limited confirmatory testing is required
to validate correlations for irradiation swelling, thermal conductivity, mechanical properties and elastic
properties.
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Beryllium oxide (BeO) was considered to be an attractive reflector for high temperature reflector
applications {(e.g., axial reflectors within the fuel pins) and possibly low temperature reflector
applications (e.g., radial reflectors). This assessment of BeO provides information used in the
consideration of BeO for use in space nuclear reflector applications. Commercial grades of BeO
are discussed and work completed by the Naval Reactors Prime Contractor Team (NRPCT) is
summarized. A literature review of material properties provides a pre-conceptual design basis
for BeO. Beryllium oxide is less widely used in nuclear applications than beryllium (Be) and less
data is available for modern grades of BeO. Material test recommendations (irradiated and un-
irradiated) are provided based on gaps identified in the literature review and predicted operating
conditions of Prometheus-type space reactors. Additionally, in an effort to improve irradiation
performance of the material, experimental grain size reduction runs were performed on
commercially available grades of BeO. The NRPCT had not concluded that BeO was more
desirable than Be as a reflector materiat from either a mass, cost, fabricability or simplicity
standpoint. The NRPCT judges that if temperatures are within the Be material limits (not
determined at this time), Be is competitive to BeO as a reflector material based on mass, cost
and fabricability.

1. Introduction

Most space reactor studies since the 1950’s have assumed that beryllium oxide (BeQ) would be
used in situations where neutron reflection was necessary. Beryllium oxide has very low neutron
absorption, high number density, is excellent at moderating fast flux (both due to low mass of Be
and the inelastic scattering by oxygen), and has high temperature capability (Tme: = 2840K) due
to the ceramic nature of BeO. Beryllium oxide actually improves upon the moderating
capabilities of Be with a higher neutron scattering cross section and lower absorption cross
section at the expense of density (Pgeo, thearetical = 3.01 /M VS. Pae, meoretical = 1.85 glem®). In
addition to the moderating capability of BeO, previous nuclear design studies were attracted to
the high thermal conductivity of BeO. For example, at room temperature BeO conducts heat as
well as aluminum metal.

11 Beryllium Oxide Grades

Brush Ceramic Products (BCP), a subsidiary of Brush Wellman, is the primary manufacturer of
BeO in the United States. BCP has the capability of pressing and machining BeO in plates,
bricks, rods and tubular geometries. Processing methods include dry pressing and isopressing
of BeO ceramics. Currently, BCP has two commercial grades of BeO: Thermalox 995 and BW-
1000. Table 1 shows that the main difference between the two BeO grades is grain size
(References (a) and (b)). As discussed in later sections, the grain size of BeO is of particular
importance to irradiation performance and strength of the material. Beryllium oxide is known to
undergo anisotropic swelling, which in certain situations has led to macroscopic swelling (1-5%),
and microcracking. It was experimentally determined that finer grain size material experiences
less irradiation swelling than larger grain size material (Section 2.3).

Despite having more attractive nuclear properties than Be metal, BeO technology remains at
about the same level of maturity achieved during the early 1970’s. Effort is required to
understand both unirradiated and irradiated properties for modern grades of BeO (Thermalox
995 and BW-1000).
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Table 1: Material Properties Thermalox 995 vs. BW-1000 (Reference (a) and (b))

Property Unit Test Method | Thermalox 995 BWwW-1000
BeO content Weight % Sg’;gti;?eﬂrean%? 99.5 (min) 99.5 (min)
Nominal Density |, thgégp;:i ol | ASTMC-373 (3;5?,/50) (3;5?,2)
Hardness ASTME-18 (Roci?mgnsm (Roci?ugnsw)
Grain Size microns ASTME-112 (1 52;2;%') (1 OQE;L?cai)
Flexural Strength MPa ASTM F-417 220 (min) 260 (min)
Thermal Conductivity (::’q.?o;:) Laser Flash 285 275
yﬁ:r:qgf Eif;:;:alir;tloor: 10°/C | ASTME-228 | . ?'{1)27310 (Troom Egzmx)

2. Work Done to Date

21 Brush Ceramic Products Technical Specification

in support of irradiation testing in the JOYO test reactor (Section 2.4), the NRPCT initiated a

contract with BCP for test specimen fabrication. Attachment B is the Technical Specification for

BeO Test Specimen Fabrication Rev. 12 dated 9/2/05 provided to BCP. In creating this
specification, numerous variables were considered including sample fabrication, safety and
handling concerns, experimental efforts and documentation.

Test specimen fabrication was the focus of this specification. For the specimen fabrication,
decisions were made on processing routes, quality control, use of chamfers and sample

identification methods. BCP utilizes multiple processing methods for BeO parts (isopressed and

dry pressed are most common). Of these processing routes, isopressed BeO was selected
because it provided the finest grain size material available (see Section 2.3 for grain size
discussion). Attachment C is the BCP material data sheet for isopressed BeQ and includes
baseline property information and quality control information (BCP Visual Defect Criteria and

Machined Dimensional Tolerances). Chamfers were specified for all BeO test specimens in an

attempt to prevent cracking that could lead to inaccurate property test data. Specimen
identifications were required for all irradiated test specimens. Based on requirements for
irradiation test specimens, laser scribing was identified as the best option for BeO specimens.
Sample identifications were to be laser scribed on all BeO specimens as indicated in the

Attachment B. A small scale study at BCP was planned to establish the effect of laser scribing

on material properties.

Because BeO is a hazardous material, capable of causing lung disease and skin irritation if

improperly handled (proper safety and handling procedures are required (Section 2.2)). Special

regulations were necessary for all BeO specimens destined for NRPCT facilities due to these
health concerns. BCP, as well as other DOE facilities investigated (Y-12 and Los Alamos
National Laboratory), have taken extensive measures to minimize these hazards including
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protective equipment, engineered ventilation controls, air showers, training and administrative
controls. A post machining process was developed with BCP to remove any post-fabrication
loose particles, involving cleaning and bake out of the specimens. Swipe testing was proposed
to evaluate if loose BeO contamination was present (and quantify the amount) on the
specimens prior to shipment and special shipping and packaging requirements were established
to prevent the generation of loose powder in transit.

Small scale research efforts were included in the specification. These include grain size
reduction runs (Section 2.3) and material property testing (Section 2.6). As discussed in Section
2.3, grain size has a strong effect on the irradiated properties of BeO. This research effort was
an attempt to reduce the grain size of standard BW-1000 material from 10 um to 5 ym
(nominally). Material property testing of BeO specimens was proposed to establish unirradiated
properties of standard BW-1000 material and the new experimentally developed BeQ with a
reduced grain size (referred to as BW-1000K). Material properties were tested over a range of
temperatures and included thermal expansion, specific heat, thermal diffusivity, density and
compressive strength testing. '

The specification for BeO test specimen fabrication also included detailed requirements for
documentation. BCP was to provide manufacturing process documentation and material reports
on BW-1000 and BW-1000K material. Manufacturing process documentation included chemical
analysis, starting grain size, processing parameters, sintering protocol and machining
instructions.

2.2  Cleaning Procedure for BeQ Specimens

inhaling particutate containing beryllium may cause a serious lung disease called chronic
beryllium disease (CBD) in some individuals. Additionally, the International Agency for Research
on Cancer (ARC) lists Be as a group 1 known human carcinogen (Reference (c)). As previously
mentioned, BCP and other DOE facilities have taken extensive measures to control this hazard.
To avoid potential heaith hazards at NRPCT facilities special cleaning, handling and packaging
requirements were established for all BeO specimens prior to shipment. Loose BeO particulate
is of greatest concern from a health and safety standpoint, therefore all processes generating
powder (e.g. machining, grinding etc.) were completed by BCP at the BCP facility.

Current OSHA, DOE and KAPL airborne and surface control limits for Be work areas are
summarized in Table 2 (References (d) and (e)). Based on these guidelines, the NRPCT
planned to establish a surface contamination limit of 0.25 pg/100cm? for all BeO specimens (half
of the KAPL administrative control level). A detailed cleaning procedure was established at BCP
to ensure BeO particulate free specimens. Figure 1 shows this procedure and more details can
be found in Reference (f). It should be noted that the cleaning process outlined below could
introduce chemical contamination, which requires verification that there is no adverse affects on
material performance. Figure 1 also shows that following cleaning a selected number of
specimens will be swipe tested to verify specimens are below the proposed limit. Wet swipe
testing of BeO specimens is a destructive test. Therefore, a statistically determined number of
“sister” samples (samples cleaned and prepared identically to the final delivered samples) would
be destructively tested to verify that the entire batch of cleaned specimens were free of loose
BeO. BCP uses a wet benzylkonium chloride wipe to detect loose BeO. Benzylkonium chloride
wipes are analyzed using the inductively coupled plasma (ICP) method with a detection limit of
0.2 ug of Be. Other surface swipe testing methods with similar detection limits were examined
for use at NRPCT facilities (ChemTest® Be Swipes).
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Table 2: Airborne and Surface Contamination Limits for Be

Airborne Limits

2 pyg/m* OSHA limit (d)
3 DOE limit (e)
0.2 pg/m BCP limit

Surface Limits

0.2 ug/100ecm?

DOE release criteria (e)

0.25 pg/100cm?

Proposed NRPCT control level (f)

0.5 ug/100cm?

KAPL administrative control level

3.0 ug/100cm?

DOE “housekeeping” limit (&)
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Figure 1: Post Machining Process for BeO Specimens at BCP
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2.3 Grain Size Reduction Runs

Grain size of BeO is an important factor in irradiation performance of the material. Historical
data indicates that finer grain size material swells less than larger grain size material (Reference
(). Much of the data used for swelling correlations was obtained from fine grain size (nominally
5 um) BeO specimens. In an effort to utilize historical data and minimize irradiation swelling,
experimental efforts were taken to reduce the grain size of the BW-1000 material from 10 pm to
5 um (nominal grain size). It should be noted that other variables may influence swelling (e.g.
sintering aid composition and processing). Although this was acknowledged, it was not
considered in detail early in the project and should be considered in future studies.

Beryllium oxide has a wurtzite crystal structure as shown in Figure 2 (Reference (h)). The
anisotropy of the wurtzite crystal structure results in degradation of material properties during
irradiation and promotes swelling. As shown in Figure 3, during low temperature irradiation (348
— 373K) the crystal structure expands nearly 30 times greater in the c direction than in the a
direction (Reference (g)). This mismatch strains the crystal structure and can lead to swelling
(>5%), microcracking and possibly disintegration of the BeO material. At higher temperatures
(>1273K) the anisotropic crystal expansion is less and swelling occurs based on other
mechanisms (Reference (i)). In some cases at low temperatures, severe microcracking and
disintegration of BeO specimens was observed by Keilholtz for larger grain size material (=20
um) (Reference (j)). Finer grain size BeO was observed to crack less and not disintegrate.

Figure 2: BeO Crystal Structure (Reference (h))
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Figure 3: Lattice Parameter Change of BeO irradiated at 348 — 373K (Reference (g))

The Technical Specification for BeO Test Specimen Fabrication (Attachment B) instructed BCP
to perform 3 sequential_experimental runs in_an attempt to reduce the grain size of the BW-
1000 material to 5 uym (referred to as BW-1000K material). With oversight, BCP performed the
following 3 experimental runs in sequence:

i. BW-1000K-1 - Altered sintering profile from 1798K for ~5 hrs to 1723K for 1 hr.

ii. BW-1000K-2 — Reduced starting BeO average particle size from 0.5 - 0.6 ym to 0.25
ym and fired with sintering profile determined in Run 1 (1723K for 1 hr)

ii. BW-1000K-3 — Based on results of the first two runs the sintering temperature was
reduced to 1698K for 1 hr

Table 3 provides a summary of the grain size reduction experiments. Further details on the
results of the experimental runs are included in Attachment D
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Table 3: Summary of Grain Size Reduction Runs

BW-1000 Run1 Run 2 Run 3
Ave. Grain Size 10 ym 9um 8 pm 7 um
Density 2.89 g/cm® 2.87 gfcm® 2.87 glem® 2.86 g/cm®
(%theoretical) (96%) (95%) (95%) (95%)
Ave. BeO
Particle Size 0.5-0.6 um 0.5-0.6 um 0.25 ypm 0.5-06pum
Sintering Time ~5 hrs 1hr 1 hr 1hr
Sintering 1798K 1723K 1723K 1698K
Temperature

24 JOYO Test Matrix for BeO Irradiation Testing

Beryllium oxide has been studied on and off for several decades, however much of the
Prometheus design space remains uncharacterized and most of the testing was on different
grades and purity of BeO that are no longer commercially available. This is significant since the
irradiated material performance of BeO (specifically swelling) has been shown to be sensitive to
grain size, compositions and processing techniques. The NRPCT planned to test a modern
grade of BeO in the JOYO test reactor.

Details of the proposed JOYO irradiation test are described in References (k) and (I). Materials
selected for irradiation testing in JOYO included Ni-based superalloys, refractory metal alloys,
silicon carbide (SiC) and BeO. The arrangement consisted of 2 irradiation rigs. One rig was
planned to complete a single 60 day cycle and the second would complete two cycles for a 120
day exposure. Each rig was designed to accommodate 30 capsules stacked in tiers with 5 tiers
per compartment. The tiers were organized such that Tier 3 was at the core centerline, with
Tiers 2 and 1 stacked in order below and Tiers 4 and 5 above. Such an arrangement would
allow specimens to be exposed to varying fluences and temperatures by positioning the
specimen capsule appropriately. '

The planned location for irradiating BeO material in JOYO was a non-instrumented materials
irradiation rig inserted in the reflector region. The peak fast neutron flux (E>0.1 MeV) in the core
reflector region is approximately 1.9x10"™ n/em?-s with sodium coolant temperatures in the
range of 623 — 773K. The typical capsule size for the irradiation rig was 20mm inside diameter
by 91mm inside height. Beryllium oxide samples selected for irradiation testing in JOYO
consisted of discs and cylinders. Beryllium oxide discs were for thermal diffusivity testing and
swelling measurements while cylinders were for compression testing and swelling
measurements. References (m) and (n) are the drawings for the BeO disc and cylinder
specimens respectively and are included in the Technical Specification for BeO Test Specimen
Fabrication (Attachment B).
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The capsule layout in both Rigs A and B is shown schematically in Figure 4. Capsules were
arranged vertically to indicate tier (elevation) and horizontally to indicate compartment (radial
positioning within the tier). An enlarged schematic view of the capsules containing BeO
specimens is shown in Figure 5. This schematic does not show sample holders and dividers for
all specimens which prevent the BeO specimens from contacting other specimens in the shared
capsule. Beryllium oxide specimens (yellow specimens in schematic) are located in Tier 1 and
Tier 5 of both Rig A (120 day) and Rig B (60 day).
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Figure 4: Irradiation Rig Stackup for JOYO (Reference (k))
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Figure 5: Enlarged View of Irradiation Capsules with BeO Specimens (Reference (k))

The-test matrix for the planned-irradiation testing of BeO-specimens-in-the JOYOtest reactoris
given in Table 4. All samples planned for testing had the same grain size (9 — 12 ym), percent
theoretical density (96%TD) and fabrication method (isopressed BW-1000K). The Japan
Nuclear Cycle Development Institute (JNC) indicated in the March 2005 visit that excessive
amounts of materials which could reflect back moderated neutrons (thereby causing local power
peaking in adjacent fuel rigs) could generate additional approval requirements. As such, the
volume of materials with low atomic number elements (SiC and BeO) were kept as low as
possible without sacrificing test objectives.
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Table 4: JOYO Test Matrix for BeQ Specimens

Location Cycle Density and . .
Thermal Compression Irradiation ’:ﬁm:‘":; {;‘i:lnll?
Diffusivity Cylinders Temperature
Disks {E>0.1 MeV)
Tier1 | 60days 8 4 850 K 1.3 -2.2 x10%
Rig B
Tier5 1 60 days 8 4 1050 K 1.3 -2.6 x10
Rig B
Tier 1 120 days _ 21
Rig A 8 4 850 K 26-45x10
pers | 120 days 8 4 1050 K 2.7 -5.1 x10?
ig A

Using the correlation for irradiation swelling of BeO provided in (Attachment A), the predicted
swelling of the JOYO BeO specimens is shown in Figure 6. The predicted swelling for the
Prometheus radial reflector is also shown in this figure. (Note: Prometheus predictions are
based on design estimates given in References (o) and (p) which are subject to change based
on final design parameters.) These curves were used to predict the swelling at different
conditions to allow for proper irradiation capsule design. As noted in Attachment A, no sweliing
data has been identified in literature greater than 6%. Therefore, the predictions of > 6%
swelling in Figure 6 are suspect, but can not be ruled out at this time. Prior testing did not
provide sufficient room for BeO samples to swell, resulting in numerous stuck and destroyed
specimens (References (g) and (p)). Table 5 highlights some of the differences in the data used
for the correlations (References (g) and (r)), JOYO test range and Prometheus reflector
operating range. Figure 7 shows the range of existing data, the expected Prometheus reflector
operating range and the planned JOYO test range (References (), (0), (s) and (t)).

PRE-DECISIONAL -~ For Planning and Discussion Purposes Only




Page 14 Enclosure (2) to

MDO-723-0046/
B-MT(SPME)-23

o =T Predicted Prometheus | JOYO | Prometheus

- ¥ P iedicted Promethers
« =05 Predicted JOTV0
- 1858 Predictes) 3000
&  ITIE dats - Phavies

12,00 4 1T Precdictod \
o ATIN dats - Phavies /
ITIE Pisdichd
10.00 4 1FTIN dats - Phafies

17T IK Predect an

% swelling
i
a
4

1E+2 TE+21 AE+M AE+31 EE 439 BE+21 TE+21 BE+21 OE+71 1E+22

i =

Fluence. n/cm’ (E>0.1MeV)

Figure 6: Irradiation Swelling Data of BeO (Reference (g)) and Predicted Swelling of
Irradiated BeO in JOYO and Prometheus

Table 5: Existing BeO Irradiation Data, JOYO Test Space and Prometheus Design Space

Flux (n/em?-s) | Fluence (n/cm?)

Test (E>0.1MeV) (E>0.1MeV) Temperature Grain Size
Plumiee 14 21 373K, 873K
correlations 22-27x10 : 0.28-11x10 and 1273K S pm
I Not :.rei determined
JOYO 5 x10' 13-5.1x10 351%’;;2" (standard Brush
material is 9-12 ym)
] _ radial: 5 x10°' radial: 900K Not yet determined
Prometheus 1 x10" axial: 10x10? axial: 1250K (standard Brush
(max) (max) material is 9-12 pm)

“Flux, fluence and temperatures predictions for Prometheus are based on destgn'assumptjons
that are subject to change based on final reactor design (References (o) and (p)).
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Figure 7: Existing lrradiated Be©O Thermal, Mechanical and Swelling Data with
Prometheus Design Space and JOYO Test Space (References (g), (0), (s) and (t))

2.5 Reflector Material Properties for a Prometheus Reactor

Attachment A provides reflector material property information which supported pre-conceptual
Prometheus reactor design efforts. Information provided in Attachment A was formally
documented in Reference (i). Beryllium oxide property information replaced the original design
basis for preliminary reactor studies (Reference (u)). Reference (u) provided a set of
assumptions and information used for early reactor sizing studies enabling various reactor
concepts to be evaluated and compared on a common basis.

Attachment A provides data and discussion of data sources where available, for the following
BeO properties:

« Composition, density, maximum use temperature, melting temperature
Thermal conductivity
Thermal expansion (mean and instantaneous)
Specific heat

« Modulus of elasticity
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s Emissivity

* Yield strength

» Ultimate tensile strength
¢ Poisson’s ratio

¢ [rradiation swelling

A significant amount of literature review and analysis was performed as part of this effort. To the
extent possible, available data, NRPCT-recommended equations and competing equations
were provided. However, more work remains to be done, both in terms of literature review to
identify further data, and potentially testing to verify the data. Key references are included in the
Annotated Bibliography in Enclosure 4.

Since the majority of the data presented in this attachment was obtained from open source
literature, the measurement uncertainties in the data are not quantified. For example, it is
commonly understood that the measurement uncertainty associated with thermocouples alone
can be + 0.5 to 1.0%. These and other uncertainties are not accounted for specifically in data
presented herein. Statistical analysis and review included linear regression and curve-fitting
techniques for the raw data, which provides some confidence, but is not a replacement for full
understanding of the experiments. Therefore, the robustness of the data is questionable. Since
the recommended equations were generated using all available data from the literature,
additional data is required to validate these equations and relationships.

This review identified gaps in data, which necessitated testing. As discussed in Section 2.4,
BeO specimens were selected for irradiation testing in JOYO. For reflector applications, the
most uncertain BeO irradiated properties include thermal conductivity, swelling and compressive
strength. These properties were the focus of the planned irradiation testing in JOYO (Section
2.4) and potentially in the High Flux Isotope Reactor (HFIR) at Qak Ridge National Lab (ORNL)
(Section 3.1).

2.6  Brush Ceramic Products (BCP) Material Property Report

Unirradiated material property testing of BW-1000 materiat was performed by BCP (Attachment
E). Properties tested included density, specific heat, thermal diffusivity, thermal expansion and
compressive strength. With the exception of compressive strength, these properties were tested
over the temperature range T..om to 1250K. Compression testing was performed at Troom, 650K,
850K, 1050K and 1250K. All testing was originally planned to be complimentary to the JOYO
irradiation test. Following the restructuring of the project, it was determined that baseline
properties for BW-1000 BeO material would be useful to future space nuclear programs. Test
specimens were fabricated from isopressed BW-1000 material with a nominal grain size of 10
Km. Specimens were machined out of larger BeO pieces representative of the material
expected for use in Prometheus reflector applications.

Material property testing conducted by BCP was compared to the literature review conducted by
the NRPCT on BeO (Reference (i)). Density, specific heat and thermal conductivity results were
consistent with literature. Thermal conductivity was calculated using thermal diffusivity, density
and specific heat data. Thermal expansion measurements were slightly lower than reported for
previous grades of BeQ in the literature. No meaningful data was obtained from the
compression testing due te test complications. More study is required to understand
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compression testing and the compressive strength of BeO. Data and summaries of results are
presented in Attachment E.

3. Future Work
3.1 HFIR Irradiation Testing of BeO
3.1.1 Historical Data Assessment

Estimated maximum fluence and temperature of the radial reflector is 5x10%' n/cm? (E>0.1 MeV)
and 900K (References (o) and (p)). These estimates would be subject to change based upon
the reactor and fuel selected for final design, as well as the reflector configuration {(e.g., sliders
versus drums). Estimated maximum fluence and temperature of the axial fuel pin reflectors is
10x10%' nfem? (E>0.1 MeV) and 1250K (Reference (0)). Similarly, these estimates would be
subject to change based upon the reactor and fuel selected for final design.

3.1.2 HFIR Irradiation Test Plan

Key properties which require irradiation testing to determine the viability of BeO as a reflector
material are swelling, thermal conductivity and compressive strength. Some confirmatory testing
of other material properties may also be required to fully characterize and qualify modern
grades of BeO for use in a nuclear reactor (e.g. thermal expansion, specific heat and elastic
modulus). As shown in Figure 7, much of the design space for the Prometheus reflectors is
uncharacterized and the planned JOYO testing would only partially fill in the design space. The
JOYO test matrix (Table 4) also shows the limited amount of irradiated data to be obtained from
the JOYO test (i.e. 4 compression samples per experimental condition). Further testing of BeO
was considered in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL). The purpose of this testing was to gain a better understanding of irradiated thermal and
mechanical properties over the Prometheus design space. This testing would also compare the
effects on BeO of a thermal reactor (HFIR) with a fast reactor (JOYQ). (Transmutation effects of
Be in a thermal reactor may result in additional helium (*He) and contribute to irradiation
swelling of BeO, not accounted for in the correlations presented in Attachment A.)

Sweliing was identified as a critical property required in determining the viability of BeO use in
reflector applications. Table 6 identifies material properties which require testing, the relative
rank of importance (to support design efforts) and the type of data required (irradiated vs.
unirradiated and confirmatory vs. full characterization). Swelling (microcracking) influences
thermal and mechanical properties. Other properties (specific heat, CTE, elastic modulus and
Poisson'’s ratio) would be required for final design but are not considered critical in selecting
BeO as a reflector material. Many of the unirradiated properties of BW-1000 BeO were tested
by Brush Ceramics (Attachment E).
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Table 6: BeO Material Properties and Required Testing

Property Status of Data Data Required | Ranking |
- . Critical property required to determine .
Irradiation Swelling viability of BeO use as reflector material Irradiated 1
Need full understanding of irradiation .
Thermatl . Irradiated
o effects and confirmatory testing of R 2
Conductivity unirradiated values Un-irradiated
Compressive For canning purposes, irradiated data is Irradiated 5
Strength required (dependent on amount of swelling) | Un-irradiated
. Verify no changes due to irradiation and Irradiated
Specific Heat characterize modern grade BeQ Un-irradiated 3
CTE Verify no changes due to irradiation and Irradiated 3
characterize modern grade BeO Un-irradiated
. Verify no changes due to irradiation and Irradiated
Elastic Modulus characterize modern grade BeO Un-irradiated 4
, , . Verify no changes due to irradiation and Irradiated
Poisson’s Ratio characterize modern grade BeO Un-irradiated 4
Tensile Strength BeO will not be a structural material X X
Hardness BeO will not be a structural material X X
Flexural Strength BeO will not be a structural material X X
Fracture . .
Toughness BeO will not be a structural material X X

There are many independent variables which affect irradiated material properties of BeQ. Table
7 summarizes these variables and their expected effect on irradiation swelling. The key
variables are temperature, fluence and grain size. The effect of flux and neutron spectrum (fast
vs. thermal) on BeO swelling is also uncertain. Based on the discussion in Attachment A it
would be expected that more swelling (e.g., microcracking) would be expected at higher fluxes.
Correlations reported by Plumlee (Reference (g)) predict that swelling will increase as flux
increases (recall narrow experimental flux range 1 ~ 3 x10™ n/cm?®-s). However, Keilholtz
(Reference (j)), reported little dependence on flux at temperatures < 1373K (flux range of 0.9 -
2.4 x10™ n/em®-s). More investigation is required to determine the effect of flux on swelling.
Theoretical density (%TD) of BeO does impact swelling at T2 1173K. Reducing the %TD
reduces irradiation swelling of BeO by accommodating helium bubble formation at elevated
temperatures. However, the neutronic advantages of BeO are diminished with less dense
material (i.e. higher fast leakage). Due to the effect of grain size on swelling (Reference (g)), it is
expected that the processing method (isopressed, extruded, dry pressed) producing the finest
grain size material will be selected, however, other factors will need to be considered, e.g., cost.
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Table 7: Variables Affecting Swelling of BeO

Variable Expected Effect on Swelling of BeO
Temperature Swelling decreases as temperature increases
Fluence Swelling increases as fluence increases
Flux Not yet determined if swelling increases as flux increases or if there is
no affect of flux on swelling of BeO
Grain Size Swelling increases as grain size increases

% Theoretical Swelling decreases as %TD decreases at T21173K

Density
Processing Processing which produces the finest grain size material will be selected
Composition Sintering aids and impurities m;;; ?ef:;ﬁt irradiation performance of the

Screening experiments would assist in better defining a final BeO test matrix. The screening
experiments would most likely focus on the effect of flux on BeO swelling and the overall
variability in the test data (mechanical and thermal). As previously discussed, the effect of flux
on irradiation swelling of BeO has not been determined. Additionally, due to limited data over a
narrow range of fluxes and conflicting reports in the literature, small scale studies with a limited
number of BeO specimens at varying fluxes could be performed at constant temperatures and
fiuence levels. Results from this screening experiment could eliminate an independent variable
in the experimental design. Because of limited data for current grades of BeO, there is little
understanding of the variability associated with thermal and mechanical testing. A screening
experiment could assess the variability of the proposed testing. Un-irradiated specimens could
be thermally aged and tested at temperatures, representative of expected irradiation time at
temperature (primarily thermal conductivity and compressive strength). Results from this
screening experiment would allow for proper experimental design including the number of test
specimens required at each experimental condition for both thermal and mechanical testing.
Experimental variability is shown in the property data from BCP in Attachment E.

NRPCT planned irradiation testing of BeO in HFIR is outlined in Table 8. Independent variables
include temperature, fluence, flux and grain size. Specimens planned for HFIR irradiation testing
were expected to be similar to JOYO specimens (Figure 5). Post irradiation examination (PIE) of
the irradiated BeO specimens was planned to include thermal diffusivity testing (ASTM E-1461-
01), compression testing (ASTM C-773-88), density measurements (ASTM C-373-88) and
dimensional measurements. Thermal diffusivity disks were planned to be used to determine
thermal conductivity and swelling. Compression cylinders would be used to determine
compressive strength and swelling. The NRPCT planned to fund Oak Ridge National Laboratory
(ORNL} to medify an existing laboratory to carry out thermophysical property measurement on
irradiated space materials, including BeO (Reference (v)).
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Table 8: Proposed Irradiation Testing of BeO in HFIR
Variable Range

Temperature (K) 350 — 1300K

2
F'Ej’gcfh(n”efff)” 0.5 - 10.5 x10%

5-7 (BW-1000K)
Grain size (um) 9-12 (BW-1000)
15-20 (Thermalox 995)

Flux (x10" n/cm?-s) TBD based on screening experiment

Using the correlation for irradiation swelling of BeO summarized in Reference (i) and
Attachment A, the predicted swelling of irradiated BeO HFIR specimens is shown in Figure 8.
The predicted swelling for the Prometheus radial reflector and JOYO irradiation test is also
shown in this figure. As noted in Attachment A, no swelling data has been identified in the
literature greater than 6%. Therefore, the predictions of > 6% swelling in Figure 8 are suspect,
but can not be ruled out at this time. Table 9 highlights some of the differences in the data used
for the correlations (Reference (g) and (r)), HFIR test conditions, JOYO test conditions and
Prometheus reflector operating conditions. Figure 9 shows the range of existing data, the
expected Prometheus reflector range, the planned JOYO test range and the planned HFIR test
range (References (g), (0), (s) and (t)}.
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Figure 8: Irradiation Swelling Data of BeO (Reference (g)) and Predicted Swelling of
Irradiated BeO in HFIR, JOYO and Prometheus

Table 9: Existing BeO Irradiation Data, HFIR Test Space, JOYO Test Space and
Prometheus Design Space

[ Flux (nicm”-s) | Fluence (n/cm’) | Temperature | Grain Size

Tost (E>0.1MeV) | (E>0.1MeV) A |
Plumlee 14 21 373K, B73K -
correlations 2.2-2.6x10 0,20 =T Eu and 1273K S pm
Not yet determined
JOYO 5 x10" 13-51x107 | B850Kand | andard Brush material
1050K :
is 9-12 um)
N radial: 5 x102' | radial: 900K Not yet determined
Prometheus 1 x10" axial: 10x10*' axial: 1250K | (standard Brush material
(max) (max) is 9-12 um)
s 373K, 650K, 5-7 pm (BW-1000K)
14 21 B50K, 950K, 8-12 ym (BW-1000)
HFIR 8 x10™ (max) 0.1-12x10 1050K, 1150K 15-20 ym (Thermalox
and 1300K 995)
"Flux, fluence and temperatures predictions for Prometheus are based on design assumptions
that are subject to change based on final reactor design (Reference (o) and (p)) .
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'Figure 9: Existing Irradiated BeO Thermal, Mechanical and Swelling Data with

Prometheus Design Space, JOYO Test Space and HFIR Test Space (References (g), (o),
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(s) and (t))
Conclusions/Key Findings

llium oxide is likely a viable reflector material for a Prometheus application, however some

further testing and development is required.

-

At the time of program restructuring, fabrication of BeO components larger than 1"x1"x8"
with the required grain size requires development.

Controls are required to handle BeO. However. if dust/loose particle generation
processes (i.e. machining and grinding) are avoided. the controls are readily achievable.
Beryllium oxide grain size is an important factor in the irradiation performance of the
material. A very limited experimental effort reduced the grain size of standard BCP BW-
1000 BeO material from 10 — 12 ym to 7 ym nominally. The goal of this effort was to
reduce the grain size to 5 um to overlap with prior materials testing, but this was not
achieved. The NRPCT judges that with further study the grain size could potentially be
reduced to 5 pm.

Limited data and correlations are given for physical (density, melting temperature,
maximum use temperature), elastic (elastic modulus, Poisson’s ratio), thermal (thermal
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expansion, thermal conductivity, emissivity, specific heat) and mechanical (compressive
strength) properties of BeO. From the material property assessment (Attachment A), it
was identified that irradiated and unirradiated material property testing is required for
BeO. Irradiation swelling was identified as necessary in determining the viability of BeQ
as a reflector material. Material property testing was conducted at Brush Ceramic
Products on un-irradiated BW-1000 BeO material.

If design conditions (e.g., temperature conditions) allow the use of Be as a reflector
material, it would be considered over BeO for the following reasons: potentially lower
mass; likely lower cost overall, more simple to design with and fabricate.

Beryllium oxide would be a leading candidate for high temperature reflector applications
(e.g., axial reflectors) due to the neutronic and thermal properties of the material.
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1. Introduction

Selection of potential reflector materials for a space reactor includes consideration of factors
such as mass, neutronics, thermal, mechanical and radiation stability. Historically, beryllium
(Be) and beryllium oxide (BeQ) have been considered for space reactor designs as reflector
materials due to low mass and excellent neutronic properties. The NRPCT did not plan to use
either Be or BeO without supporting structural materials (e.g., canning).

1.1 Beryllium (Be)

Beryllium has been considered for use in nuclear applications since the beginning of the nuclear
era. There is a vast experience base with use of Be in core, e.g., the Advanced Test Reactor
(ATR) and the High Flux Isotope Reactor (HFIR) have used Be as reflectors for years. Beryllium
possesses many attractive features for use in a space reactor:

High neutron scattering cross section

Low thermal neutron absorption cross section
High (n, 2n) neutron multiplication cross section
Low atomic weight

High melting point (Tmer = 1558K)

Additionally, Be has been evaluated for nuclear fusion applications such as first wall protective
armor and solid breeding blankets. Research for use in these applications involved testing of
modern grades of Be representative of the material likely to be used in space reactor
applications (S-65 grade Be from Brush Wellman). These efforts have iargely characterized the
unirradiated and irradiated properties of Be.

1.2 Beryllium Oxide (BeO)

Most space reactor studies since the 1950’s have assumed that BeO would be used in
situations where reflection was necessary. In addition to the attributes listed above for Be, BeQ
has a higher Be number density, is better at moderating fast flux (both due to the higher Be
number density and the inelastic scattering by oxygen), and has high temperature capability
(Tmer = 2840K). However, BeO is denser than Be (~3.01 vs. 1.85 gfem® (theoretical)). For space
applications, a design trade off of reflecting performance versus mass is required.

Despite having more attractive nuclear properties for reflection than Be metal, BeO technology
and material property database remains at about the same level of maturity achieved during the
early 1970's. Effort is required to understand both unirradiated and irradiated properties for
modern grades of BeO (Thermalox 995 and BW-1000 material available from Brush Ceramic
Products Attachment C).

1.3 Explanation of Attachment

This attachment provides reflector material property information to support pre-conceptual
Project Prometheus reactor design efforts (Reference (a)). The information provided herein
supersedes the applicable portions of Revision 1 to the Space Power Program Preliminary
Reactor Design Basis (Reference (b)). Reference (b) provided a set of assumptions and
information used for early reactor sizing studies enabling various reactor concepts to be
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evaluated and compared on a common basis. These sizing studies and comparisons were used
to support the recommendation of a gas cooled reactor.

This attachment provides the available information together with a discussion of data sources.
The following properties are examined:

Composition, density, maximum use temperature, melting temperature
Thermal conductivity

Thermal expansion (mean and instantaneous)

Specific heat

Modulus of elasticity

Emissivity

Yield strength

Ultimate tensile strength

Poisson's ratio

frradiation swelling

A significant amount of literature review and analysis was performed as part of this effort. To the
extent possible, the underlying phenomenon was explained, as well as providing available data,
a recommended equation, and competing equations. However, more work remains to be done,
both in terms of literature review and data analysis to identify further data.

Since the majority of the data presented in this attachment was obtained from open source
literature, the measurement uncertainties in the data are not quantified. For example, it is
commonly understood that the measurement uncertainty associated with thermocouples alone
can be + 0.5 to 1.0%. These and other uncertainties are not accounted for specifically in the
data presented. Statistical analysis and review included linear regression and curve-fitting
techniques for the raw data, which provides some confidence, but is not a replacement for full
understanding of the experiments. Therefore, the robustness of the data is unknown. Since the
recommended equations were generated using all available data from the literature, future data
is required to validate these equations and relationships.

All data was plotted with Microsoft Excel and/or JMP, statistical analysis software (SAS
Institute). JMP was used to fit data using the least squares method. Residual plots were
examined to determine the quality of the regression data fit. In some analyses Cook’s D
statistics were used to examine the influence of individual data points on the least squares
model (Reference (c)). Where applicable, 95% prediction intervals were determined which
specify the confidence on a single future value. However, these confidence intervals do not
account for uncertainty associated with the individual measurements.

2.  Beryllium (Be)

Many different industrial grades of Be are available (Brush Wellman, Elmore, OH). Data for the
structural grades of Be (S-65, S-65H, S-200F and S-200FH) are most commonly reported in the
literature. The main differences between the various grades are impurity levels {particularly the
BeO content) and processing/fabrication method. S-65 and S-200F grade Be are vacuum hot
pressed (VHP) materials while S-65H and S-200FH grade Be are hot isostatically pressed (HIP)
materials. The $-65 and S-85H material has a maximum BeQ content of 1% while the S-200
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and S-200FH material has a maximum BeO content of 1.5%. Further information on the effect of
processing and impurities in Be can be found in Reference (d) and (e). Generally, Be is not
recommended as a structural material for radiation environments due to loss of ductility at
relatively low fluences (References (f} and (g)). Ductility and elongation are not presented
herein, but could be studied based on design requirements.

2.1 Beryllium (Be) Properties
2.2 Composition

Table 1 gives the composition of S-85 structural grade beryllium from Reference (h) (Brush
Wellman).

Table 1: $-65 Beryllium Composition (Brush Wellman)

(max unlesglztmh:xise stated) Wt
Be (min %) g9
BeO 1.0
Al 0.06
c 0.10
Fe 0.08
Mg 0.06
Si 0.06
Other metallic impurities 0.04

2.3 Melting Temperature and Maximum Use Temperature

The melting temperature of beryllium is (Reference (i)):

T,

melt

=1558 £10 K

For structural application in a radiation environment, the maximum use temperature is 823K.
Above 873K embrittlement and reduction in strength are limiting factors (Section 2.8 and 2.11).

2.4 Density

From Scaffidi-Argentina (Reference (d)) for all grades of Be, the room temperature (293K)
theoretical density is 1.85 g/cm®. The following curve is recommended for the temperature
range 293K < T < 1500K.

p=1.823-6933x10" (T —273)-1.514x10"* (T - 273)°

where
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p = density, g/cm®
T = temperature, K

Dombroski (Reference (e)) includes a data table of the variation in density of S-65 grade
beryllium (Brush Wellman) with temperature (Table 2). Figure 1 shows some slight variation (+/-
0.02) is observed at higher temperatures because the equation was fit to data from industrially
available Be grades and the tabular data is only for S-65 grade Be, shown in Figure 1.

For the density of Be, the equation given by Scaffidi-Argentina (Reference (d)) is recommended.

Table 2: Density Data for Be

Scaffidi-Argentina 5-65 Dombrowski
(2000) (1995)
T (K) Density (gfcc) Density (g/cc)
324 1.819 1.82
412 1.813 1.814
456 1.810 1.811
515 1.805 1.806
564 1.802 1.801
609 1.798 1.797
873 1.783 1.791
7ar 1.788 1.785
816 1.781 1777
Bg2 1.774 1.7689
g873 1.767 1.76
1127 1.7563 1.742
1269 1.738 1.725
1.84 —— S-65 Dombrowski z==- Ecafﬁdﬁrganﬁna !
1.82
- 1.8
E
>
o 1.78
2
‘s 1.76
=
@
0 1.74 -
1.72 )
1.7 =
273 473 673 873 1073 1273 1473

Temperature (K)
Figure 1: Density of Be
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2.5 Thermal Conductivity
2,51 Unirradiated

From Scaffidi-Argentina (Reference (d}) the unirradiated, thermal conductivity of Be is given by
the following curve for the temperature range 293K s T < 1500K.

k =189.8-0.2694 (T —273) +2.543x10™ - (T - 273)* -1.010x107" - (T - 273)°

where
k = thermal conductivity, W/m-K
T = temperature, K

Billone (Reference(j)) also proposed an equation for the thermal conductivity of Be based on
data from various grades of Be up to 973K. This equation accounts for the fact that thermal
conductivity is dependent upon the porosity of the material. This equation for the effective
thermal conductivity is for hot pressed Be in the 0-50% porosity range.

k= ——P_|.(201-048015 T +4.2602x10 -T? ~1.4914x107 - %)
1+3.7p

where

k = thermal conductivity, W/m-K
p = fraction porosity

T = temperature, K

Dombroski (Reference (e})) includes a data table of the variation in thermal conductivity of S-65
grade Be with temperature. Again, some variation is observed at higher temperatures
(T>1073K) because the equation was fit to data from industrially available Be grades and the
tabular data is only for S-65 grade Be.

The tabulated data (

Table 3) for S-65 grade Be from Reference (e) and the predicted values from the equations
given in Reference (d) and Reference (i) assuming zero porosity are plotted in Figure 2. At
temperatures between 400 — 973K, little variation is observed between the three sources.

For the thermal conductivity of Be, the equation given by Billone (Reference (j)) is

recommended. This curve is recommended because it accounts for the porosity of the material
(0-50% range). This curve is given for T < 973K.
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Figure 2: Thermal Conductivity of Be .

Table 3: Thermal Conductivity Data for Be

= - Scaffidi-Argentina
=0 Ll KL (2000) Billone (1995)
Thermal Conductivity T(K) Wim-K Wim-K
T{K) {Win-1) 273 189.8 188.6
324 187.3 373 1653 163 4
412 152.3 473 1453 143 4
456 1438 573 129.1 1277
515 1338 673 116.3 115.4
564 1288 773 106.0 1055
609 1252 873 97 88 97 .28
673 116.6 873 9117 89.76
737 110.4 T 3550
816 101.8 1173 79.66
Bg2 96.1 1273 73.65
L/ . o 1373 66.67
1127 5.8 1473 5810
1268 638 1573 47 35
2.5.2 Irradiated
The irradiated thermal properties, including thermal conductivity, have been studied for
beryllium. Snead and Barabash (References (k) and (l)) summarize the neutron irradiation data .
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for S-65 and S-200F Brush Wellman beryllium grades. Snead (Reference (k)) reported that
significant reductions in thermal conductivity of Be are not expected until He bubbles and
swelling become more prominent (He bubbles form at grain boundaries from 598 — 873K and
form at dislocations within the grain at temperatures around 723 — 823K). This is because for
irradiations above 573 K the He is no longer in solid solution and therefore He diffusion and
bubble formation begin to occur. Snead (Reference (k)) showed that the effect of radiation on
the thermal conductivity of $-65 Be at ~1x10*' n/cm? (E>0.1 MeV) and approximately 573K was
within the ~4% experimental error of the unirradiated value. For S-200F Be irradiated to
fluences of 4.5x10% nfem? (E>1MeV) at 473K, the thermal conductivity decreased
approximately 5% (Reference (l)). At this time there is no recommended equation for irradiated
thermal conductivity of Be.

2.6 Thermal Expansion

it should be noted that due to the anisotropic nature of the hexagonal lattice, some amount of
anisotropy is expected in thermal expansion. However, as described by Scaffidi-Argentina
(Reference {d)), there is little difference (less than a few percent) observed for polycrystalline,
isotropic sintered Be parts (5-65 Brush Wellman grade Be). Extruded grades of Be may exhibit
15-20% differences in the longitudinal and transverse thermal expansion, while HIP Be (S-65H
and $-200FH) are more isotropic.

2.6.1 Unirradiated Linear Expansion

Billone {Reference (j)) reports the following equation, plotted in Figure 3, developed for the
percent change in length (AL/Ly) of Be based on data up to 1558K. The unirradiated percent
change in length (AL/L,) is given by:

-i‘i =8.43x107* - (1+1.36x107 - T -3.53x107" - T%) - (T - 298)

0
where

AL/L, = change in length from 298K, percent
T = temperature, K
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£ 0.4
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973 1.13 0.2 1

273 3 473 573 673 773 73 973 1073
Temperature (K}

Figure 3: Linear Expansion of Be with Data Table Included
2.6.2 Unirradiated Instantaneous Coefficient of Thermal Expansion
From Scaffidi-Argentina (Reference (d)), for the temperature range 293K < T < 1473K the

unirradiated instantaneous coefficient of thermal expansion (@) is given by the following
equation.

@, =10.8+0.022-(T - 273)-1.35x107° - (T - 273)? +3.45x107 - (T = 273)°
where

a, = instantaneous coefficient of thermal expansion, 10° K™

T = temperature, K and the reference temperature is 293K

2.6.3 Unirradiated Mean Coefficient of Thermal Expansion

From Scaffidi-Argentina (Reference (d)), for the temperature range 293K < T < 1473K the
- unirradiated mean coefficient of thermal expansion (a,,) is given by:

@, =11.04+0.0109-(7 - 273) - 4.474x10™° - (T — 273)* +8.631x107"° . (T - 273)

where
om = mean coefficient of thermal expansion, 10 K™
T =temperature, K and the reference temperature is 293K

Figure 4 includes the instantaneous coefficient of thermal expansion (a)) and the mean
coefficient of thermal expansion (ar) as determined by Scaffidi-Argentina (Reference (d)) for all
grades of Be, and the mean thermal expansion coefficient as determined by Dombrowski
(Reference (e)) for S-65 Be containing 0.9% BeO. The values are tabulated in Table 4.
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For the mean coefficient of thermal expansion of Be, the equation given by Scaffidi-Argentina
(Reference (d)) is recommended

30

- = - - Mean — = |nstantaneous ——— 5-65 Dombrowski

o]
n

5]

(=]
\
|

\

wih
o

Y
o

Expansion Coefficient {WGH{J
w

273 473 673 873 1073 1273 1473
Temperature (K)
Figure 4: Mean and Instantaneous Thermal Expansion Coefficient of Be

Table 4: Mean and Instantaneous Thermal Expansion Data for Be

Scaffidi-Argentina (2000)
instantaneous mean
S-65 | Dombrowski (1995) _ T(K) CTE(107)K | CTE (10%)k
T (K) CTE (10°)/K 273 10.80 11.04
270 11.32 373 12 87 12.10
381 12 58 473 14,68 12.07
524 14.00 573 16.28 13.96
607 1466 = 673 17 .66 14.78 _
838 15 14 773 18.86 15.53
758 15 44 873 19.89 16.22
l 8952 | 16.10 = 973 20.77 16.85
| 1130 | 16.61 1073 21.53 17.42
1173 2218 17.85
[ 12713 2275 1843 |
1373 23.28 18.88
1473 23.72 18.29
1573 24.16 | 19.68
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2.6.4 Irradiated

From Reference (d) it is expected that the coefficient of thermal expansion in isotropic Be
grades is not affected by neutron irradiation.

2.7  Specific Heat
2.7.1 Unirradiated

From Scaffidi-Argentina (Reference (d)), the unirradiated specific heat of Be is given by the
following equation. This equation is based on experimental data from Be grades with = 1% BeO
content (S-65 Brush Wellman Be). The equation is valid for 203 < T < 1558K.

C, =1741.8+3.3358 (T - 273) - 3.1125x10"* - (T - 273)* +1.2748x10"° - (T - 273)°

where
C, = specific heat, J/kg-K
T = temperature, K

Billone (Reference (j)) proposed an equation for the specific heat based on data from various
grades of Be up to 973K,

C,=2432+0.6428-(T -273)~0.7111-(T - 273)?

where
C, = specific heat, J/kg-K
T = temperature, K

Dombrowski (Reference (e)) includes a data table of the variation in specific heat of S-65 grade
Be with temperature. Figure 5 is of the tabular data, given in

Table 5, for S-65 Be from Reference (e) and the predicted values from the equations given in
Reference (d) and Reference (j) for the unirradiated specific heat of Be. Some variation is
observed between Reference (d) and (j) at lower temperatures (T<573K).

For the specific heat of Be, the equation given by Scaffidi-Argentina (Reference (d)) is
recommended.
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Figure 5: Specific Heat of Be
Table 5: Specific Heat Data for Be
Scaffidi-Argentina
S-65 Dombrowski [1995) | (Z000) Billone (1995)
T (K) Cp (J/kg-K) T(K) Cp (Jlkg-K) Cp (J/kg-K)
324 1905 263 1807 2445
412 2240 373 2046 2456
456 2344 473 2285 2561
515 2441 573 2497 2625
564 2529 673 2660 2689
609 2613 773 2751 2753
673 2667 873 2868 2818
737 2734 973 2585 2882
816 2780 1073 3071
892 2860 1173 3152
873 2939 1273 3240
1127 3086 1373 3342
1269 3220 1473 3466
1550 3581

2.7.2 Irradiated

Scaffidi-Argentina (Reference (d)) reports minimal effects on the specific heat of irradiated Be_ |t
was also reported that the specific heat remains fairly independent of the Be grade. At this time
it is assumed that the specific heat of Be will remain independent of irradiation.
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2.8 Modulus of Elasticity
2.8.1 Unirradiated

Variation in the elastic modulus of S-65 Be with temperature is given by Dombrowski
(Reference (e)) over the temperature range 273K < T s 1273K, shown in Figure 6. Based on the
limited data points reported, no equation is given at this time.

]
¢
Young's 300 - * .
Modulus
T (K) {GPa) 250
273 310 *
473 300 E 200 -
673 290 8
w 150 -
873 230
1073 97 100 | .
1273 48
50 ~ .
0 T T T T T T T
273 473 673 873 1073 1273
Temperature (K)

Figure 6: Elastic Modulus of Be with Data Table Inciuded.

2.8.2 Irradiated

Hickman (Reference (g)) reports that radiation effects in Be are expected to be negligible
because of the lack of significant displacement type damage above 373K (no fluence limit was
reported by Hickman). Some variation in the elastic modulus of Be may occur due to helium
bubble formation and swelling. Generally, variations in the elastic modulus are related to
temperature as shown above.

29  Tensile Yield Strength

2.9.1 Unirradiated

Multiple references have reported on the unirradiated tensile yield strength of Be (References

{f), (m), (n) and (0)). The below equations are based on data from unirradiated VHP (S-65 and
S-200F Brush Wellman) and HIP (8-65H and S-200FH Brush Wellman) Be grades. In general,
HIP grade Be exhibits a higher tensile yield strength than VHP grade Be. These equations are

linear regressions of the data in the temperature range 293K < T < 1228K (See Figure 7 and
Figure 8 in Section 2.9.2).
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VHP YS =-0.2574-T +350.1
HIP Y§ =-03289-T +449.3

where

VHP YS = tensile yield strength of VHP Be, MPa
HIP YS = tensile yield strength of HIP Be, MPa
T = temperature, K

2.9.2 irradiated

Irradiation effects on the tensile yield strength of multiple grades of Be (8-65, S-65H, S-200F
and S-200FH) have been studied by many references (References (f), (m)}, (n) and (0)).
Irradiated Be exhibits a higher yield strength than in the unirradiated state. Below is a linear
regression fit to the irradiated VHP Be and HIP Be data over a temperature range of 293K =T <
823K and fiuence range of 0.75 — 2.45x10%' nfcm? (E>1 MeV). The plot of irradiated and
unirradiated tensile yield strength data for multiple grades of Be is also shown below (Figure 7
and Figure 8). Neutron irradiation studies have observed that above 823K the strength of
irradiated Be dramatically decreases due to He bubble formation. in beryllium He bubbles begin
to form at grain boundaries at T>673K and at dislocations within the grains at T>823K.
Additionally, Be has a high fast neutron cross-section for (n,a) reactions and therefore at higher
temperatures He embrittlement becomes a concern {(corresponding to 0.5 Tyen). All high
temperature irradiated data (T 2823K) was excluded from the regression analysis. Additionally,
Moons (Reference () performed thermal ageing studies to isolate thermal effects from radiation
effects. The thermal results are not included in this linear regression analysis. Data reported
from Reference {f), (m), (n) and (o) were from samples tested at the irradiation temperature. The
equations exhibit a good fit for 283 ~ 823K.

VHP YS, =-0.6270-T +692.5
HIP YS,, =-0.6985-T +791.7

where

VHP YS;; = irradiated tensile yield strength of VHP Be, MPa
HIP Y$S;; = irradiated tensile yield strength of HIP Be, MPa
T =temperature, K

The unirradiated and irradiated tensile yield strength of Be is plotted in Figure 7 for VHP and
HIP grades are plotted in Figure 8. The 95% confidence intervals for the least square fits to the
data are shown on the graphs. Further study is required to define the effects on yield strength
for fluences below 0.75x10%' n/cm? (E>1MeV).
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Figure 7: Irradiated and Unirradiated Tensile Yield Strength of VHP Be
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Figure 8: Irradiated and Unirradiated Tensile Yield Strength of HIP Be

2.10 Emissivity
Reference (i) reports the emissivity of Befor T < T,
£=0.61

The emissivity of Be is not expected to vary with irradiation, however the emissivity may vary
with material processing (i.e. surface finish)

2.11 Ultimate Tensile Strength

2.11.1 Unirradiated
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Multiple references have reported on the unirradiated ultimate tensile strength of Be
(References (f), (m), (n) and (0)). The below equations are based on data from unirradiated
VHP (S-65 and S-200F Brush Wellman) and HIP (S-65H and $-200FH Brush Wellman) Be
grades. In general, HIP grade Be exhibits a higher ultimate tensile strength than VHP grade Be.
These equations are based on data in the temperature range 293K s T < 923K (See Figure 9
and Figure 10 in Section 2.11.2).

VHP UTS =-0.4139-T +515.3
HIP UTS =-0.4897-T + 609.9

where

VHP UTS = ultimate tensile strength of VHP Be, MPa
HIP UTS = ultimate tensile strength of HIP Be, MPa
T = temperature, K

2.11.2 irradiated

Irradiation effects on the uitimate tensile strength of multiple grades of Be (5-65, S-65H, S-200F
and $-200FH) have been studied by many references (References (f), (m), (n) and (o).
Irradiated Be exhibits a slightly higher ultimate tensile strength than in the unirradiated state.
Below is a fit to the VHP Be and HIP Be data over a temperature range of 293K < T < 823K and
fluence range of 0.75 — 2.45x10%' n/cm? (E>1 MeV). The plot of irradiated and unirradiated
ultimate tensile strength data for multiple grades of Be are shown in Figure 9 and Figure 10.
Neutron irradiation studies have observed that above 823K the strength of irradiated Be
dramatically decreases due to He bubble formation. In beryllium He bubbles begin to form at
grain boundaries at T>673K and at dislocations within the grains at T>823K. Additionally, Be
has a high fast neutron cross-section for {n,a) reactions and therefore at higher temperatures
He embrittlement becomes a concern (corresponding to 0.5 Tmen). All high temperature
irradiated data (T 2823K) was excluded from the regression analysis. Additionally, Moons
(Reference (f)) performed thermal ageing studies to isolate thermal effects from radiation
effects. The thermal results are not included in this linear regression analysis. Data reported
from Reference (f), (m), (n) and (o) were from samples tested at the irradiation temperature. The
equations exhibit a good fit for 293 — 823K

VHP UTS,, =-0.7980-T +849.0
HIP UTS, =-0.8738-T +943.6

where

VHP UTS;, = irradiated ultimate tensile strength of VHP Be, MPa
HIP UTS;; = irradiated ultimate tensile strength of HIP Be, MPa
T = temperature, K
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Figure 9: Irradiated and Unirradiated Ultimate Tensile Strength of VHP Be
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Figure 10: Irradiated and Unirradiated Ultimate Tensile Strength of HIP Be

2.12 Poisson's Ratio

Dombrowski (Reference (e)) gives a table (Table 6) of room temperature data for Poisson’s ratio
of Brush Wellman Be grade S-200F. Note, scatter in the data is possibly attributed to the low
value of the measurements. Because Be grades S-200F and S-65 are similarly processed,
these results should be similar for 5-65 grade Be
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Table 6: Poisson Ratio Data for S-200F Be

Direction of Orthogonal

Strain Poisson’s Ratio

Orientation Stress Axis

0.102
LC Longitudinal Circumferential 0.064
0.072

0.102
LR Longitudinal Radial 0.080
0.105

0.069
TL Transverse Longitudinal 0.071
0.108

0.102
R Transverse Radial 0.058
0.066

Scaffidi-Argentina (Reference (d)) reported that Poisson’s ratio ranges between 0.01-0.13
(0.07 +/- 0.06) while Billone (Reference (j)) reported Poisson’s ratio at room temperature to be
0.08 +/- 0.02. Reference (d) also reported that Poisson's ratio is generally independent of
temperature, grain size, porosity and radiation damage. Additional data on S-65 grade Be may
be required to validate these assumptions.

2.13 Irradiation Swelling

As described by Scaffidi-Argentina and Gelles (References (d) and (p)), damage due to
irradiation in Be occurs primarily from fast neutron transmutation reactions resulting in the
formation of helium (He) and tritium (°*H) via the following reactions (Reference (@)

*Be + n — ®Be + 2n (threshold energy 2.7 MeV)
*Be — 2 *He
°Be + n — °He + *He (threshold energy 1.4MeV)
®He — °Li
SLi + n — *He + *H (primarily thermal neutrons)

Swelling is considered an important irradiation effect. He formed by the transmutation reactions
is responsible for swelling at high fluences and high temperatures. Gelles (Reference (p))
determined that minimum swelling at high temperatures occurred in Be grades with the smallest
grain size and highest BeO content. Helium migration and the formation of large helium bubbles
are limited by the large quantity of small BeO particles. The swelling of Be was also examined
by Dalle Donne (Reference (r)) in an attempt to characterize the behavior of the material in solid
breeder blanket applications. It was established by Scaffidi-Argentina (Reference (d)) that
swelling generated from a given gas concentration was dependent on the He bubble size and
therefore dependent upon the bubble density. Dalle Donne (Reference (r)), using this and other
constitutive relationships for Be (surface tension, grain boundary energy, self-diffusion, He
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diffusion, vapor pressure etc.) created the computer code ANFIBE (Analysis of Fusion Irradiated
Beryllium). The ANFIBE code accounts for the important mechanistic processes that affect the
gas generation and swelling behavior in Be.

Reference (r) illustrates how the ANFIBE code has shown agreement with a variety of
experimental data. Experimental data ranges from 2.1-50 x 10%' n/em® (E>1MeV) from 300-
973K. Experimental data was obtained from S-65 and S-200F beryllium irradiated in the EBR-I|
(fast reactor), BR2 (fast reactor) and the ATR (PWR reactor). Swelling predictions from the
ANFIBE model were reported by Dalle Donne to fluences of 25x10°' n/ecm’ (E>1MeV) and
temperatures of 973K. Dalle Donne (Reference (r)) presented a comparison of the ANFIBE
calculated swelling versus experimental swelling shown for a range of data (Figure 11).
Additionally, the ANFIBE predictions for swelling at 0.5-10 x 10*' n/cm?® (E>1MeV) over the
temperature range of 273-973K are shown in Figure 12.

Efforts continue to develop the ANFIBE code, providing greater capability and confidence in the
model (References (d) and (s)). While much of the data used in validating the code is for higher
fluences at lower temperatures or lower fluences at higher temperatures, the model is expected
to yield reasonable predictions at higher temperatures and higher fluences.

ANFIBE s_welling data

4 IS < e 4
| Temperat nge of the Data
e * 373K .
, m 523K - 723K
' A 973K
25 —trt

—Maodel Prediction

16

Measured Swelling (%)
B

Fluences 2.1 - 50 x 102!

. nlem? (E>1 MeV)
0.5

0 05 1 1.5 2 25 3 3.5
Calculated Swelling (%)

Figure 11: Measured Be Swelling Data Versus the ANFIBE Calculated Swelling .
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Figure 12: Predicted Be Swelling Based on ANFIBE Code
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3. Beryllium Oxide (BeO)

3.1 Composition

Table 7 gives a typical composition of Thermalox 995 BeO (Brush Ceramic Products Reference
(t)).
Table 7: Composition of Thermalox 995 BeQ

Thermalox 995 BeO
ey | s
BeO (min %) 99.5
Al 0.035
Cr 0.0015
Ca 0.015
Fe 0.015
Mg’ 0.13
Ni 0.0015
Si 0.25
Na 0.015
Zn 0.002

"Si and Mg are added to the Thermaiox 995 as sintering aids.
3.2  Melting Temperature and Maximum Use Temperature
The melting temperature of beryllium oxide is (Reference (u)):

T, =2843 £30K

melt

A practical maximum use temperature (unirradiated) is approximately 2300K (Reference (u)).
Irradiation may affect other properties (therma! conductivity and compressive strength) and
lower this maximum use temperature.

3.3 Density

Busboom (Reference (u)) reported the room temperature (298K), theoretical density of BeQ is
3.010 g/em’. The actual BeO density is calculated by:

pac!ua! :TD(I_P)

where
TD = theoretical density
P = volume fraction porosity
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3.4 Thermal Conductivity

3.41 Unirradiated

Data given from Reference (v) for the temperature range 273K < T < 2300K is shown in Figure
13. The following equation is for the unirradiated thermal conductivity of BeO. This equation is
based on data from various grades of BeO with densities varying from 2.60 — 2.87 g/cm® (86 -
98% TD). From Figure 13 it is observed that there is some slight dependence of thermal
conductivity on porosity. Generally in ceramics, increasing the porosity decreases the thermal
conductivity (Reference (w)). The effect of porosity is not accounted for in the following
equation.

k=831x10°.T'#%
where

k = thermal conductivity, W/m-K
T = temperature, K

BeO Densities (g/cc) |
297 T weazer
-286 ~-282

. 278 289
280 287 . 287 279
-282 ©283 i28

= 2.905

k= 8.31E+05T " _
R*=0.94 -

f—————— =S
H b

73 573 71 1173 1473 1773 2073 2373
Temperature (K)

Figure 13: Thermal Conductivity of BeO
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3.4.2 Irradiated

Low temperature (350 — 373K) thermal conductivity studies by Pryor (Reference (x)) reported a
reduction in BeO thermal conductivity at doses as low as 2x10"® n/cm? (E>1MeV). Pryor
(Reference (x)) found large reductions in thermal conductivity as dose increased. The thermal
conductivity decreased as the dose increased up to the highest dose evaluated, 0.2x10?' n/cm?
(E>1MeV). Measurements at higher doses were not performed due to microcracking in the
material, which is expected to affect thermal conductivity (see swelling discussion), Hickman
(Reference (y)) estimated values of thermal conductivity at elevated temperatures based on the
low temperature data. Predictions indicated that as irradiation temperature increased the
degradation in thermal! conductivity may be minimal in the vicinity of 1073K. More data is
required to validate the predictions from Reference (y) on currently available grades of BeQ at
higher temperatures and fluences.

Snead (Reference (2)) reported effects of neutron irradiation at 333K on the thermal conductivity
of currently available Brush Wellman Thermalox 995 grade BeO. Minimal changes in thermal
conductivity were observed at fluences of 1x10® n/cm? (E>0.1MeV).

Touloukian (Reference (v)) provided limited irradiation data for BeO irradiated at 8.6x10'
2x10% and 3.7x10% n/em? (E>1MeV) over the narrow temperature range of 330 — 560K. Figure
14 illustrates the degradation in the thermal conductivity of BeQ, similar to the trends in
Reference (y).

Due to limited thermal conductivity data for currently availabie grades of BeQ irradiated at high

temperatures and high fluence, irradiation testing of BeO was planned in the JOYQ fast reactor
to characterize the material.
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Figure 14: Irradiated Thermal Conductivity of BeO Compared to Curve Fit in Figure 13

3.5 Thermal Expansion

3.5.1 Unirradiated Linear Expansion

Data compiled by Touloukian (Reference (aa)) over the temperature range 293K < T < 2300K is
shown in Figure 15. From the data it is observed that there is no correlation between changes in
the density of BeO and linear expansion (Figure 15). The unirradiated percent change in length

(AU/L,) is given by the following equation. This equation is based on data from various grades of
BeO with densities varying from 2.68 — 2.99 g/em®.

.{_f =1.69x107 -T* +6.65x107* . T -0.229

"
where

AL/L,; = change in length from 293K, percent
T = temperature, K

PRE-DECISIONAL - For Planning and Discussion Purposes Only



Page 27 Attachment A to
Enclosure 2 to

MDO-723-0046/

B-MT(SPME)-23

BeO Densities (glce)

268 Enone 287 <274

'y = 1.69E-07x" + 6.65E-04x - 0.229
R*=0.99

273 573 873 1173 1473 1773 2073 2373
Temperature (K)
Figure 15: Linear Expansion of BeO

3.5.2 Unirradiated Instantaneous Coefficient of Thermal Expansion (CTE)

From Reference (u) for the temperature range 293K < T < 2300K the unirradiated instantaneous
coefficient of thermal expansion (a) is given by:

a, =4.433x10° +6.552x10" . T -8.262x107" . T2

where

@, = instantaneous linear coefficient of thermal expansion, K

T = temperature, K

3.5.3 Unirradiated Mean Coefficient of Thermal Expansion (CTE)

The definition of mean coefficient of thermal expansion (a.,) is given by:
} 55

T~ )
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where

@, = mean linear coefficient of thermal expansion, K
AL/L; = change in length, percent (Section 3.5.1)

T = temperature, K

T.« = average reference temperature

Data from Touloukian (Reference (aa)) for the linear expansion (AL/L;) of BeO was used to
determine the mean coefficient of thermal expansion over the temperature range 353K < T <
2300K. Because the reference temperature (T.) varied for different data sets, an average value
was used for the reference temperature (299 K). The change in slope of the mean CTE curve,
shown in Figure 16, around 473K appears reasonable based on the single data point at 299 K
[curve 53, Reference (aa)]. The reference temperature used to calculate the mean CTE of the
curve 53 point is 79 K.

1.600E-08 +— - — —
1.400E-05 o
1.200E-05 " e

1.000E-05

CTE

8.000E-06 |

6.000E-06

4. 000E-06 = —
— Mean

2.000E-06 = = = |nstantaneous

wﬁn‘ ® Curve 53 CTE at 299K

&
0.000E+00 @ ~ =
273 573 873 1173 1473 1773 2073 2373

Temperature (K)

Figure 16: Mean and Instantaneous Coefficient of Thermal Expansion of BeO

The recommended egquation over the range 353K < T < 2300K for the mean CTE of BeOis
given by:

(1.69x107 - 7% +6.65x10 - T - 0.229)
a_ == '
o~ 100-(7 —299)
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where
Qmean = Mean coefficient of thermal expansion
T = temperature, K

3.5.4 Irradiated

It is expected that the coefficient of thermal expansion is not affected by irradiation. Collins
(Reference (bb)) reported no change (+/-5%) in the coefficient of thermal expansion for BeO
irradiated at 373K. Additionally, Walker (Reference (cc)) reported no change (+/- 0.02%} in the
coefficient of thermat expansion of BeO irradiated to 0.65x10*' nfcm? (E>1MeV) at 923 — 963K.
3.6 Specific Heat

3.6.1 Unirradiated

From Reference (dd) (Table 8 and Figure 17) for the temperature range 298K = T < 2820K the
unirradiated specific heat of BeO is given by the following equation:

C, =3.61x107 -T° -1.69x107 -T? +2.87-T + 418

where
C, = specific heat, J/kg-K
T = temperature, K

Table 8: Data Reported in Figure 17 for Specific Heat of BeO

Curve Number Specifications and Remarks

5 99.9 BeO, with impurities of Al, Ni, Cu, Zn, Ag, Fe and Ti: pressed and
sintered at 1673 — 2073K.

3 No description of sample given.

99.96 BeO, 0.01 Si, 0.007 Al, 0.002 Na, 0.001 Cs, 0.001 Fe, <0.001 Ca,
4 <0.001 Cu, <0.00005 Li, <0.00005 Mg; supplied by Norton Co.;
pressed, fired at 2073K and sintered.

99.5 BeO, 0.0090 si, 0.0050 Al, 0.0020 Mo, 0.0010 Ca, 0.0010 Cr,

5 0.0010 Fe, 0.0010 Na, 0.0010 Ni, 0.0003 Mn, <0.0001 B, Cd, Li.
<0.0001 Co, Cu; supplied by Brush Beryllium Co.: cold pressed; density
2.87 g/lcm®.
Sample supplied by Zirconium Corp. of America; crushed in hardened
6 steel mortar to pass 100-mesh screen; pressed and sintered: density at

298K before exposure: apparent density (ASTM method B31 1-58) 2.93
g/cm®, true density (by immersion in xylene) 3.00 g/cm?.
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Figure 17: Specific Heat of BeO

3.6.2 lIrradiated

Hickman (Reference (ee}) reported no measurable change in enthalpy of irradiated BeO at
573K, 873K and 1173K after removing the effects due to stored energy. Measurements of
stored energy in irradiated BeO samples indicate a significant amount of energy is stored at

high fluences. However, the stored energy has minimal effects on the specific heat of irradiated
BeO at or below the irradiation temperature.

3.7 Modulus of Elasticity
3.7.1 Unirradiated

From Reference (u) the elastic modulus (Figure 18) is given over two temperature ranges with
porosity ranging from 0 — 30% for BeO by the following:

For 298K < T < BOOK
E=3447-805.7-P

For 800K < T < 1500K
E =(344.7-805.7- P)-(1.31-1.75x107 - T + 2.82x10° . T? -1.39x10° - T
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where

E = modulus of elasticity, GPa

P = volume fraction porosity, 0 <P < 0.3
T = temperature, K

T (K). E (GPa) Modulus of Elasticity for BeO (95%TD)
300 304.4 350

400 304.4

500 304.4 300 1

600 304.4

700 304.4 §25°1

800 304.4 2 200 |

801 304.4 g

805 304.5 = 450 -

850 305.2 g

900 305.0 W 100

1000 299.8

1100 286.4 50 1

1200 262.2

1300 2247 P @ w0 we 1w 1200 w0 1e00
1400 171.3 Temperature {K)

1500 99.43

Figure 18: Elastic Modulus of 95% Theoretical Density BeO with Data Table Included

3.7.2 Irradiated

not be determined. Generally, variations in the elastic modulus are related to temperature as
shown in Section 3.7.1.

3.8 Compressive Strength
3.8.1 Unirradiated

From Reference (u) (Figure 1 9) the compressive strength for BeO over the temperature range
293K < T = 1500K and porosity range of 0 ~ 30% is given by the following:

C'=(1585~3273-P)-(1.232~8.284x10~ . T +1.142x10~ -T?)
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where

C = compressive strength, MPa

P = volume fraction porosity, 0 < P < 0.3
T = temperature, K

Compressive Strength of BeQ (95% TD)

T (K) CS (MPa) 1600

293 1420 1400 |

400 1306 _

500 1203 & 1200 -

600 1103 §

700 1006 B 1000 -

800 913 2

900 823 ‘g 800 1

1000 736 % ol

1100 652 g

1200 572 E a0

1300 495 o

1400 421 200

1500 350
0 r r T T T T
273 473 673 873 1073 1273 1473

Temperature (K)
Figure 19: Compressive Strength of 95% Theoretical Density BeO with Data Table

3.8.2 lIrradiated

There is limited data on irradiated compressive strength of BeO. Elston and Labbe (Reference
(fH)) reported the compressive strength of BeO irradiated at 373K. Measurements were
performed at T< 373K and T< 673K. This reference shows that the strength dramatically
decreases at doses above 6x10'® n/cm? (E>1 MeV). Note that the material tested had an
average grain size of 50 — 100 microns; therefore significant microcracking from irradiation likely
occurred (see Section 3.13).

Due to limited compressive strength data for currently available grades of BeO irradiated at high
temperatures and high fluence, irradiation testing of BeQ was planned in the JOYO fast reactor
to characterize the material.

3.9 Tensile Yield Strength

The compressive strength of BeO is given above in Section 3.8. There is limited data on the
tensile properties of BeO due to the brittle nature of ceramics,
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3.10 Emissivity

From Reference (u) the emissivity is given over three temperature ranges for BeO by the

following equations. These equations fit the data presented by Touloukian (Reference (gg)) as
shown in Figure 20

For 300K = T < B0OOK
g=02

For 800K < T < 2200K
£=-0235+6.65x10""-T-1.51x1077 .72

For2200<T
g=0.35

where

E = emissivity
T = temperature, K

0.6

0.5 - f

b
',

+ Brush BeO 2.844 glcc

Emissivity
=]
[A]

0.2+
| = Brush BeO 2.844 gicc

; (annealed)
0.9 1 —— Busboom
0 - — :
273 573 873 1173 1473 1773 2073 2373

Temperature (K)
Figure 20: Emissivity of BeO

3.11 Ultimate Tensile Strength

The compressive strength of BeO is given above in Section 3.8. There is limited data on the
tensile properties of BeO due to the brittle nature of ceramics.
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3.12 Poisson’s Ratio

From Reference (u) the best estimate for Poisson’s ratio is 0.3 for 298K to 1400K. It is expected
that Poisson’s ratio for BeO will remain independent of irradiation effects, similar to the elastic
modulus.

3.13 Irradiation Swelling

Several factors are believed to influence the swelling behavior of BeO exposed to neutron
irradiation, primarily grain size, temperature, fluence, flux and density. Plumlee (Reference (hh))
reported expressions based on lattice defects (AV/Vp), microcracking (AV/Vyc) and helium
bubble formation (AV/Vy,) to predict the swelling of BeO. The grain size, temperature, fluence,
flux and density affect these swelling mechanisms and are summarized in Table 9. It should be
noted that these equations have been developed with relatively limited data, flux range (0.65 ~
3.2x10™ n/cm?-s) (E>1MeV) and fine grain size (5 — 20 microns) BeO.

AV AV AV AV
=t —t
V VD VMC VH&

rotal

where

AVIV = total volume expansion fraction

AV = volume expansion fraction due to lattice defect mechanisms
AV = volume expansion fraction due to microcracking

AV = volume expansion fraction due to helium bubble formation

Collins (Reference (bb)) formulated an expression for the volume expansion due to lattice
defects (AV/Vp). Collins assumed high temperature damage is due to competing processes of
annealing and production. Collins accounts for the rate of atomic displacements, K, and
annealing effects, A, and A.. These annealing constants are proportional to the diffusion rate of
defects {interstitials and vacancies). Assuming first order kinetics the following expression
describes the volume expansion due to lattice defect mechanisms (AV/Vp). At temperature
above 1073K, this equation underestimates the volume change AV/Vp.

AV R gy Koy
VD Arrr Ar’

where

K=33x10%-F

F = neutron flux, nfcm®-s (E>1MeV)
Am - 61)(1 0-5 e-10300fRT

Ai = 0.1 13e-221001RT

R = gas constant = 1.987 cal/mol-K
T = temperature, K

t = time, sec

Based on Reference (u) and (hh), the predicted volume expansion due to microcracking,
AVNyc (grain boundary separation), is described by the following equation when AV, 2
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AVNyeshois- This equation accounts for the fact that microcracking does not initiate until AVA/g 2
AVIV threshold-

I‘fAV< AV then—é-K=0
VD Vrhre.vhold MC

if é_liz 14 thenAIi:S.?xlO'”(Ft—f)
VD Khrc.cho!a‘ VMC

where

AVNyc = volume expansion due to microcracking

AV, = volume expansion due to lattice defects

AV N hresnoid = Microcracking threshold

F = neutron flux, nicm®s (E>1MeV)

t =time, sec

f = microcracking fluence threshold where AV/Vp = AVVyeshoid

For BeQ there is a microcracking threshold (AV/Vireshai) at which microcracking initiates for a

given temperature. When the swelling due to lattice defects (AV/Vp) is greater than the

microcracking threshold (AV/Viyesnoia), Microcracking initiates and contributes to the total

swelling. The following equation for the microcracking threshold illustrates that microcracking is

a function of irradiation temperature. .

A 5163107 +627x10° -T

threshold

where
AV N hreshois = Microcracking threshold
T = temperature, K

Plumlee (Reference (hh)) states that for the temperature range 373K < T <873K, the volume
expansion of BeO should be attributed only to defect growth and microcracking. At T>873K
helium bubbles begin to form and become a significant mechanism contributing to swelling in
BeO above 1173K. Helium bubbles first form at grain boundaries and [ater with increasing
fluence, bubbles begin to form within the grains. Reference (hh) states that He bubble size and
density increase with increasing grain size. Helium release from BeO and volume expansion
due to He bubbles are difficult to correlate. It was reported in Reference (hh) that substantial
experimental data will be required for adequate correlation of the volume expansion due to He
bubble formation. For the volume expansion due to helium bubble formation (AV/Vye) the
following equation was proposed, accounting for the theoretical density of the BeO. This
equation is based on limited data and more effort is required to verify the theory. This equation
assumes that the volume expansion due to He bubble formation varies linearly between 86%
and 96% theoretical density (Reference (hh)).
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AV i
; - =4.40x10""(0.036D - 2.456) Ft

where

F = neutron flux, n/cm®-s (E>1MeV)
I = time, sec

D = percent of theoretical density

3.13.1 Grain Size Effect on Swelling

Previous irradiation testing results (Reference (hh)) have shown that grain size is a key factor
influencing swelling; however the functionality is not known. Testing in Reference (y) has
focused on BeO with fine grain sizes (~5 microns) and limited testing of materials with grain size
up to 100 microns. Plumlee (Reference (hh)) demonstrated that larger grain sizes decreased the
threshold fluence at which microcracking of BeO occurred near room temperature irradiation
Figure 21 shows the neutron dose required to produce microcracking during irradiation at 323 -
373K as a function of grain size. Increased microcracking results in increased swelling. It should
be noted that this figure is valid only at lower temperatures (~373K)

100 e e e e e L 8
90
o .
70

B0

50 * Microcracking

40

grain size (microns)

30

20

| No
10 | Microcracking
e

Fluence 10%° n/em? (E>1MeV)

Figure 21: Neutron Dose Required to Produce Microcracking in BeO
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3.13.2 Temperature Effect on Swelling

Figure 22 from Plumlee (Reference (hh)) presents data from fine grain size (nominally 5pum,
86%TD) BeO at 373K, 873K and 1273K and the model described in Section 3.13. It is observed
that as the irradiation temperature increases the swelling begins to anneal out of the BeO and
the swelling rate decreases. Recall that over the temperature range 373 < T < 873 the volume
expansion of BeO should be attributed to defect growth and microcracking only. At T>873K
helium bubbles begin to form and become a significant mechanism contributing to swelling in

BeO above 1173K.
BeO Swelling

7.00 — - — :
+ 373K data
' ’ - - = 373 Prediction
6.00 | o® ® 873K data
.. - - - 873K Prediction
5.00 v A 1273K data
" = = - - 1273K Prediction
E 4.00 - 1-', " Y
— | '; ! #
§ . ¢ ' &
2 3.00 ’ ¢ A : G P
AT :1 3 ST ; ;4
2.00 - il au g A
2 i il IR
1.00-4 P
& &
0.00 +2-2 —
0 1E+21 2E+21 3E+21 4E+21 5E+21 6E+21

Fluence, nfcm*2 (E>1MeV)

Figure 22: Irradiation Swelling of BeO with Predicted Curves from Plumlee (Reference
(hh))

3.13.3 Fluence Effect on Swelling

From Figure 22 (Section 3.13.2), Plumlee (Reference (hh)) reports that as the fluence
increases, the swelling in BeO also increases. At lower temperatures (T<873K) increased
fluence leads to increased anisotropic swelling and microcracking. At higher temperatures
(T>873K) the increasing fluence levels, increase the formation of helium. Irradiation testing was
proposed to help identify irradiation behavior and performance such as maximum swelling

boundaries at each temperature

PRE-DECISIONAL - For Planning and Discussion Purposes Only




Attachment A to

Enclosure 2 to
MDOQ-723-0046/
B-MT(SPME)-23

3.13.4 Flux Effect on Swelling

In the definition of volume expansion due to lattice defects (AV/Vp), Collins (Reference (bb))
defines the rate of atomic displacements, K, based on lattice expansion data, which increases

with flux over a range of ~0.55 — 3.2 x10™ n/ecm*sec (E>1MeV). Therefore, the correlation given
for volume expansion due to lattice defects (AV/Vp) (Section 3.13), predicts an increase in
swelling with increasing flux at constant fluence. It should be noted that for these correlations
the rate of atomic displacements, K, only covers a small experimental range of fluxes. it is not
clear if the correlation is valid over a broader range than initially defined. Keilholtz, however,
reported little dependence on flux at temperatures <1373K (flux range of 0.9-2.4x10™ n/cm?-s)
(Reference (ii)).

The extent to which flux affects swelling at constant fluence, needs to be confirmed with
experimental data. Data from future BeQ irradiation testing is required to refine the correlation
and better predict swelling over a larger flux range.

3.13.5 Theoretical Density Effect on Swelling

There is some evidence to suggest that density plays a role in determining swelling behavior —
perhaps due to increased ability to accommaodate helium bubble formation, or an increased
ability to release helium outside the BeO volume. Plumlee (Reference (hh)) shows that in
particular, sub-dense (86% TD) BeO appears to swell less than full dense (95% TD) BeO at
higher temperatures (T>1173) and the model by Plumlee overpredicts the swelling. Recall that
at T>873K helium bubbles begin to form and become a significant mechanism contributing to
swelling in BeO above 1173K. It is expected that for lower temperature applications (T<873K),
there may be little advantage to using sub-dense BeQ.

3.13.6 Swelling Predictions for BeO

Based on the above correlations for the swelling of BeO, swelling values were extrapolated
above the known range of temperatures (373K, 873K and 1273K) and fluences (0.37 — 12x10%'
n/cm?). Predictions assumed the same flux level used in Reference (hh), 2.3x10™ n/cm?-s
(E>1MeV). Resulits of these extrapolations yielded results which do not appear to be reasonable
based on the limited amount of data. It should be noted that in the literature reviewed, no
swelling above ~6% has been observed, however some irradiated samples have disintegrated
to powder (Reference (ii)). Future testing is required to validate these predictions over a range
of fluxes, fluences, temperatures and BeQ grain sizes.

Table 9 summarizes how the various parameters (grain size, temperature, fluence, flux and
density) influence the swelling of BeQO. References for each parameter are also given.
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Table 9: Key Parameters that Effect Irradiation Swelling of BeO

Parameter Result Reference
(¥)
Increasing Grain Size Increased Swelling (bb)
(hh)
()
Increasing Temperature (at fixed fluence) Decreased Swelling (bb)
(hh)
()
Increasing Fluence (at fixed temperature) Increased Swelling (bb)
(hh)
. Increased Swelling )
Increasing Flux (based on cotrrelation) (zg)
Increased Swelling (due
Increasing % Theoretical density to He bubble retention) (hh)
T>1173K

(a)

(b)
(c)

(d)
(e)
!

(9
(h)
(i)
()
(k)

{0
(m)
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TECHNICAL SPECIFICATION FOR BeO TEST SPECIMEN FABRICATION
REV. 12

DATED 9/2/05
1. PURPOSE & SCOPE

The purpose of this specification is to produce BeO test specimen disks and cylinders for irradiation
testing.

2. GOVERNMENT FURNISHED MATERIAL

The Buyer shall provide no equipment, tools, parts, raw material, or other material for the fabrication
of the deliverables on the project.

3. APPLICABLE SKETCHES

a. KAPL Sketches: BeO-K-1 (Figure 1), BeO-K-2 (Figure 2), BeO-K-3 (Figure 3), BeO Post
Machining Process (Figure 4)

4. MATERIAL SPECIMENS

a. Fabricate 130 BeO test specimen disks per KAPL Sketch BeO-K-1 and 100 test specimen
cylinders per Sketch BeO-K-2. The starting material shall be standard grade BeO BW-1000,
fabricated using isostatic processes that produce a nominal 8 micron grain sized finished
product. The gquality control level shall be standard Brush Ceramic Products (BCP) Visual
Defect Criteria Level 1 (Rev. E: August 2001), and Machine Dimensional Tolerances Class 2
(Rev. E: August 2001). BCP shall utilize existing block material {roughly, 20mm x 20mm x
200mm}, and then machine the required disks and cylinders from it. Note the 0.25 mm (+/-
0.13mm) 45° chamfers on sketch BeO-K-1 and BeO-K-2 to reduce the risk of cracking and
damage during testing. Laser mark 120 of the 130 disk specimens in accordance with
Sketches BeO-K-1 and all 100 cylinder specimens in accordance with BeO-K-2 using the
identification system discussed below. Note each character is preceded by a dot symbol (*) to
orient all as-built measurements per Figures 1 and 2. BCP shall be responsible for all scrap
and waste material disposal.

1) First Piece Inspection

¢ As astandard “good engineering practice”, in order to reduce the risks of schedular
delays, BCP shall perform a quality control inspection of the first specimen produced in
any production run to ensure it meets specifications, prior to performing the entire
production run.

2) Specimen ldentification

« Test that all specimens fabricated in step 4a meet the BCP Level 1 and Class 2 Quality
Control requirements (Rev. E: August 2001) prior to laser marking.

e 120 disk specimens and 100 cylinder specimens shall be identified using iaser markings
as shown in sketches BeO-K-1 and BeO-K-2.

» Specimens shall be labeled sequentially using the identification scheme indicated in
Table 1.

« 10 disk specimens shall remain unmarked for a comparative study on the effect of laser
scribing on thermal diffusivity.
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3) Special Machining Instructions
» Compliance with KAPL Specification on detrimental materials is required during all
aspects of this fabrication and testing (Attachment 1).
* All specimens shall be identified by a bag and tag method with the ID’s and description
as noted in Table 1.
» The ID method for disk samples wili be sequenced as follows: B-AAA, B-AAB, B-
AAC ... B-ABA, B-ABB...excluding U and Q.
« The ID method for cylinder samples will be sequenced as follows: AA, AB, AC... BA,
BB, BC... excluding U and Q.
¢ Lotand billet ID shall be identified for each sample (note: it is the buyers preference for
all samples to be from the same billet and/or lot, however it is not a requirement).
Table 1: Specimen Identification Sheet
Powder Lot# | Block # (Billet | SPECIMEN | SPECIMEN ID | Sketch No.
D) TYPE
XXXX XXXX Disk *B-AAA to BeO-K-1
*B-AEZ
XXXX XXXX Cylinder *AA to «ED BeQ-K-2
4) Low Temperature Annealing

All specimens shall receive a low temperature anneal (approximately 1350°C) for
approximately 1 hour in dry, flowing air following machining and laser marking to remove
machining micro-cracks. This will minimize the chance that the samples fracture during
follow-on testing, which could skew the results.

Per Figure 4 (Sketch BeQ Post Machining Process), specimens shail not remain in air at
T<100°C for more than 2 hours while mass measurements are performed. If necessary
specimens shall be stored in an inert atmosphere, vacuum or desicant.

b. Test and certify that all delivered specimens fabricated in step 4a meet the BCP Level 1 and
Class 2 Quality Control requirements (Rev. E: August 2001). All accepted specimens shall be
measured for mass (+/- 0.0005 g) and final dimensions (+/- 0.003 mm) (as built values) after
laser marking as noted in Table 2.

Table 2: As Built Measurements for Each Sample

Disks
Specimen ID Mass D1 D2 T1 T2 T3 T4
(@) (mm} | (mm) | (mMm) | (mm) { (mm) | (mm)
*B-AAA to
*B-AEZ (excluding
Uand Q)
Cylinders
Specimen ID | Mass D1 D2 D3 D4 T1 T2 T3 T4
@ |(mm) | (mm) | (mm) | (mm) ! (mm) | (mm) | (mm) | (mm)
*AA to *ED
(excluding U
and Q)

¢. In addition to the requirements in step 4b, verify specimen properties as follows:
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. * Randomly select 5% of the disks and cylinders (total 16) to determine their average grain
size per ASTM E-112. These selected specimens shall be disk and cylinder samples with

0.8mm chamfers specified in Technical Specification for BeO Test Specimen Fabrication
Rev. 11 dated 7/21/05. Grain size in areas adjacent to laser marking, as well as bulk
average shall be determined. BCP shall photograph each measured microstructure, and
forward photographs and analysis results to KAPL. Grain size shall be measured at three
different locations for each specimen depth as follows: (1) 3 at the surface; (1) 3 at 25%
through the thickness; (1) 3 at 50% through thickness (total of 144 micrographs).

d. [f already completed, forward the elemental certification for the BeO used to make the
specimens. If that analysis has not previously been performed, perform the standard BeO
elemental analyses typically reported for BW-1000.

e. Take digital photographs of the specimens from all sides (top, bottom and side) at 5X nominal
magnification with a reference unit for measurement (e.g. ruler) included in the photograph.
Photographs shall be taken after specimens are verified to be free of surface contamination
(cleaned) as described in paragraph 6. All photos shall be at least 3 megapixels in size and
TIFF format.

5. GRAIN SIZE REDUCTION RUNS

a. Perform 3 grain size reduction runs in a small-scale research program fashion. The starting
material shall be standard grade BeQ powder used to produce BW-1000. BCP shalil target a
reduction in the grain size to 5 +/- 2 micron average grain size in a final processed block as
shown in sketch BeO-K-3. Should this be successful, the material will hereafter be referred to
as BW-1000K. The research process shall proceed generally as follows:

1. Make minor adjustments to the starting material and process as part of the research as

needed.
. 2. Complete processing of the block(s).

3. Measure the grain size in accordance with step 4.c. (surface, 25% through thickness
and 50% through thickness in 3 different locations totaling 9 measurements each run),
except the block (per Sketch BeO-K-3) can be used rather than cylinders or disks, and
laser marking is not required.

4. Discuss the results with KAPL prior to runs 2 and 3.

5. Perform all 3 runs regardless of success or failure.

6. Repeat step 4d for the product from the run that produced the grain size closest to 5
microns and identify and quantify any non-standard additives not normally tested.

6. CLEANING

a. All samples shall be cleaned and a subset shall be tested for surface contamination per
Figure 4 (BeQ Post Machining Process).
1. Immersion in HNO;
2. Neutralizing agent soak
3. Immersion in HiPO,
4. Dl water rinse
b. Wet swipe testing will be performed on 19 specimens to verify acceptable levels of loose
contamination on the surface of cleaned paris.
s Specimens used for swipe testing shall be cylinders and discs with 0.8mm chamfers
specified in Technical Specification for BeQ Test Specimen Fabrication Rev. 11 dated
7/21/05.
 Surface contamination must be < 0.25 pg/100cm?
« Samples with surface contamination > 0.25 ug/100cm? shall be re-cleaned and tested
until levels are below the specified limit.
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c. BCP is responsible for disposal of all 19 surface contamination test specimens each time
cleaning is repeated per Figure 4 (Sketch BeO Post Machining Process) and all waste
associated with cleaning and swipe testing.

7. BAKE OUT

a. Only after specimens are cleaned and certified to be free of loose surface contamination (6.a
and 6.b), can the specimens be baked out.

b. Specimens shall be baked out in a nitrogen { 2 99.999%) atmosphere furnace at 400°C. This
equipment shall remain dedicated to fabrication of KAPL Inc specimens until released by
KAPL Inc, or 2 years after termination of work contracted by KAPL Inc., whichever comes
first.

¢ Ramp at 10°C/minute
e Hold at 400 & 20°C for 3 hours + 30 minutes.
o Cool at 10°C/minute or slower.

¢. Specimens shali be placed on BeO furnace furniture which has been cleaned using step 6.a
above.

d. Per Figure 4 (Sketch BeO Post Machining Process), specimens shall not remain in air at
T<100°C for more than 2 hours prior to packaging in an inert atmosphere. If necessary
specimens shall be stored in an inert atmosphere, vacuum or desiccant.

8. SHIPPING

a. All samples shall be individually packaged in an inert environment, and ensuring they will not
be lost or damaged in shipment. Packaging shall be transparent to allow specimen numbers
to be readable through the packaging. The specimen ID shall also be written on the outside
of each package.

b. Seller shall ensure there is no loose BeO contamination on the outside of any packaging, and
seal groups of individual packages within larger overall bags.

c. BCP shall select 40 disks and 20 cylinders of BW-1000 specimens and obtain KAPL
concurrence prior to shipment. BCP shall ship samples in five boxes (each with 8 disks and
4 cylinders) to Bettis.

d. BCP shall ship the remaining specimens in two boxes (one with disks and one with cylinders)
to KAPL unless otherwise directed.

9. REPORTING
10. DATA SUBMITTALS

a. Data required for submittal (Table 3):
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Description {Reference Paragraph} | No. of Copies Date Due Type

Specimen ldentification Sheet {Table 2 Prior to shipment Information

1, Par. 4.a.3)

Final As Built Measurements (Table 2 Prior to shipment Information

2 Par.4.b)

Grain Size Measurements (including 2 As soon as Information

micrographs), (Par. 4.c) available

Elemental Certification (Par. 4.d) 2 As soon as Information
available

Digital photographs of specimens 2 As soon as Information

after cleaning (Par. 4.e) available

BW-1000 Technical Report (Par. 11 2 Prior to shipment Information

and Par. 13)

BW-1000K Technical Report (Par. 11 2 Prior to shipment Information

and Par. 13)

BW-1000K Grain Size Reduction 2 Prior to Run 2 Information

Runs (Par. 5 and Par. 11)

Thermal diffusivity and specific heat 2 Prior to shipment information

of 10 unmarked disks and 10 laser

marked disks (Par. 13)

Results from wet swipe testing done 2 Prior to shipment Information

on 19 specimens (pglcmz) {Par. 6.b)

Manufacturing Process 2 Prior to shipment Information

Documentation (Par. 11)

Certification of Compliance with 2 Prior to shipment Information

KAPL specification on detrimental

materials (Par. 13)

Option 1 — BW-1000K 2 Prior to shipment Information

documentation of samples (Par. 4

and Par. 13)

Option 2 — Materials Property 2 At conclusion of Information

Testing Report for BW-1000 (Par. testing

13)

QOption 3 — Materials Property 2 At conclusion of Information

Testing Report for BW-1000K (Par. testing

13)

11. MANUFACTURING PROCESS DOCUMENTATION

The Selier shall provide to the Buyer a detailed description of the fabrication process used to
manufacture the BW-1000 and BW-1000K specimens, noting proprietary information as
appropriate. This document shall inciude where available:

BeQ feedstock grain size;

Raw material chemical analysis;
Binder, grain growth inhibitors, sintering agents, etc... used (if any);

Compacting protocol, including press pressure, hold time, and other process parameters;
Drawings or skeiches for the compaction tooling (punch and die),
Punch lubricant, chemical composition, identification numbers and vendor;

Sintering protocol, including held time and temperature, and time vs. temperature plots;
Cutting too! identification numbers and vendor;
Cutting fluid identification numbers and vendor;
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* General machining feeds, speeds, and depths of cut; and
» Final-pass feeds, speeds, and depths of cut for each specimen.
* Provide sketches of the orientation of the specimens relative to the original billet.

12. CPTIONS
KAPL retains the right to exercise the following optional tasks.

OPTION 1. Using the optimum material processing steps determined during step 5.a in terms of
being most likely to produce BeQ specimens with 5 +/- 2 micron grain size (BW-1000K),
fabricate 130 disks and 200 cylinders in accordance with step 4. Identify disk specimens with
id's starting at B-AKA and cylinders with id's starting at FA.

OPTION 2: MATERIALS PROPERTY TESTING using BW-1000 Samples: Using either the
samples used in step 4.c, or other spare samples or representative product from step 4a,
perform a minimum of 5 runs (except where noted below) of each of the following materials
characterization tests using the nominal temperature range: 300 to 1250K except as noted
below. The seller shall dispose of the samples following testing.

1. Coefficient of thermal expansion per ASTM E-228-95

2. Thermal diffusivity using laser flash method per ASTM E-1461-01

» Measure thermal diffusivity and specific heat of 10 unmarked disks and 10 laser
marked disks.

Specific heat per ASTM C-351-92b

Density per ASTM C-373-88

Compressive strength per ASTM C-773-88 (10 samples at each of the 5 temperatures —

Room Temperature, 650K, 850K, 1050K and 1250K.

oW

OPTION 3: MATERIALS PROPERTY TESTING using BW-1000K Samples: Using either the
samples used in step 4.c, or other spare samples or representative product from step 4a,
perform a minimum of § runs (except where noted below) of each of the following materials
characterization tests using the nominal temperature range: 300 to 1250K except as noted
befow. The seller shal! dispose of the samples following testing.

1. Coefficient of thermal expansion per ASTM E-228-95

2. Thermat diffusivity using laser flash method per ASTM E-1461-01
¢ Measure thermal diffusivity and specific heat of 10 unmarked disks and 10 laser

marked disks.

3. Specific heat per ASTM C-351-92b

4. Density per ASTM C-373-88

5. Compressive strength per ASTM C-773-88 (10 samples at each of the 5 temperatures —
Room Temperature, 650K, 850K, 1050K and 1250K.

13. DELIVERABLES

* 230 BeO specimens using standard BW-1000 BeO starting powder fabricated in accordance
with step 4.

+ 130 BeO disks per sketch BeO-K-1
¢ 100 BeO cylinders per sketch BeO-K-2

» Samples shipped in accordance with step 8 (130 disks and 100 cylinders) to Bettis (Par. 8.c)
and KAPL (Par. 8.d).

+ Certifications of Compliance with KAPL specification on detrimental materials.
Elemental certifications for BeO material.
» Final dimensions and mass measurements for each specimen.
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. + Test data, delivered in hard copy (figure and tabular) and on CD including electronic
micrographs of the samples and tabular data in Microsoft Excel format.
* Manufacturing process documentation as described in step 11.
« Final report (PDF format) documenting all technical aspects of BW-1000 and efforts related to
BW-1000K development including but not limited to material processing and grain size
reduction efforts, shall be provided.

OPTION 1 Deliverables:

e 330 BeO specimens using BW-1000K BeO fabricated in accordance with step 4.
s 130 BeO disks per sketch BeO-K-1
+ 200 BeO cylinders per sketch BeQ-K-2
« Samples shipped in accordance with step 8 (130 disks and 200 cylinders) to KAPL or as
otherwise directed.
Certifications of Compliance with KAPL specification on detrimental materials.
Elemental certifications for BeQ material.
Final dimensions and mass measurements for each specimen.
Data, delivered in hard copy (figure and tabular) and on CD including electroni¢ micrographs
of the samples and tabular data in Microsoft Excel format.
s Final report (PDF format) documenting all technical efforts related to BW-1000K development
including but not limited to material processing and grain size reduction efforts, shall be
provided.

OPTION 2 Deliverables:
» Material property repert on BW-1000 material.
. » Data, delivered in hard copy (figure and tabular) and on €D including electronic micrographs

of the samples and tabular data in Microsoft Excel format.

OPTION 3 Deliverables:

¢ Material property report on BW-1000K material.

« Data, delivered in hard copy {figure and tabular) and on CD including electranic micrographs
of the samples and tabular data in Microsoft Excel format.

14. DELIVERY

The Seller shall be responsible for all shipping documentation, packaging, shipping costs, and
compliance with all hazardous material requirements (if required).

15. DELIVERY DATE
The delivery date shall be specified on the purchase order.

16. KAPL TECHNICAL CONTACT
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Figure 1: Sketch BeO-K-1: BeO Disks. [BCP Visual Defect Criteria Level 1 (Rev. E: August 2001), and
Machine Dimensional Tolerances Class 2 (Rev. E: August 2001)]
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Figure 2: Sketch BeO-K-2:BeO Cylinders. [BCP Visual Defect Criteria Level 1 (Rev. E: August 2001),
and Machine Dimensional Tolerances Class 2 (Rev. E: August 2001)]
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Figure 3: Sketch BeOQ-K-3: BeQ Full Size Part. (Not to scale).
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. Figure 4: Sketch BeO, Post Machining Process
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Attachment 1 to Technical Specification for BeO Test Specimen Fabrication, dated 5/24/05

Detrimental Materials Prohibitions and Restrictions for BeO
Materials

Certain chemical elements in contact with a test specimen may cause premature failure of the
specimen under test. Those chemical elements known as detrimental materials must not be allowed to
contaminate the specimens at any time before or during the test. Therefore, the specimens must be
guarded against contamination from detrimental materials during such activities as manufacturing,
packaging, shipping, inspection, or testing.

1.0

2.0

3.0

4.0

5.0

During the machining, handling, storage, or shipping of specimens, the specimens shall not
come in direct contact with:

1.1

1.2
1.3

1.4

1.5

1.6

Mercury, compounds containing mercury in excess of 10 ppm, or any mercury-

containing device employing a single boundary of containment.

Lead or compounds containing lead in excess of 250 ppm.

Cadmium, particularly cadmium plated tools or hardware, or alloys containing more than
one percent cadmium, or compounds containing more than 250 ppm cadmium.

Compounds containing halogens in excess of 250 ppm (total where fluorine is restricted

to 25 ppm) except lubricants used in machining.

Salt, or saline solutions, or any solid surface that may introduce alkali metals (e.g.,

sodium, potassium, lithium).

Compounds with molybdenum disulfide in excess of 250 ppm.

Compounds with compositions listed below shall not directly contact specimen surfaces after
final machining.

2.1

2.2
2.3

Compounds containing more than 250 ppm of any of the following antimony, bismuth,
copper, phosphorus, sulfur, tin, zinc, total halogens (except that total fluorine shall be

restricted to a maximum of 25 ppm).

Nuclear poisons (e.g., boron}) in excess of 100 ppm.

Liquids which are not water-soluble except as allowed in Paragraphs 5.

1 and 5.2.

Thread sealants, such as teflon tape, teflon jam nuts, or epoxy resins shall not be used to affix
or secure specimens to fixtures.

Aluminum, copper, nickel, and alloys of these materials containing more than 50 percent
aluminum, copper, or nickel shall not be used as soft pads, hammers, or tools which contact the
specimens during or subsequent to final machining.

Solvent and Cleaning Solution Requirements:

5.1

Solutions having a pH of less than 6 at the temperature at which they are to be used shall

not be used to clean parts with inaccessible areas.

PRE-DECISIONAL ~ For Planning and Discussion Purposes Only




Page 14 Attachment B to
Enclosure 2 to

MDO-723-0046/

B-MT{SPME)-23

5.2 All halogenated cleaning solutions (250 ppm or more halogens, with fluorine restricted to
25 ppm) are prohibited from use.

6.0 Temperature indicating crayons, marking materials (including white-out) lubricants and low
melting alloys shall not contact the final machined surfaces of the specimens if they contain:

6.1 More than 250 ppm of any of the following antimony, arsenic, bismuth, copper,
phosphorus, sulfur, tin, zinc, and total halogens (except that fluorine shall be restricted to
a maximum of 25 ppm).

6.2  Metals or alloys which melt at 1000 degrees F or less (e.g., Cerrolow, Kirksite,
Cerrobend, and cadmium).

7.0  Test and machining fixtures and other components, which directly contact the final machined
surfaces of the specimens shall not come in direct contact with items specified in Paragraph
1.0. If fixtures have previously contacted the items
specified in Paragraph 1.0, then rigorous cleaning (such as by acid pickling) is required
prior to use on the specimens,

8.0  Bench tops and work surfaces upon which the final machined specimens will be placed shall be
covered by KimPak creped wadding paper (Kimberly-Clark Co.) or a similar product prior to
use.

9.0 Seller shall provide a statement of conformance with the requirements of this specification,
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Attachment C to Enclosure 2 to MDO-723-0046/B-MT(SPME)-23:

Brush Ceramic Products Material Data Sheet
Isopressed Ceramics CDI-20, Rev. E

Brush Ceramic Products

Tucson, AZ
www.brushceramics.com
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1.0 General Provisions

1.1

1.2

1.3

1.4

1.5

1.6

.7

1.8

Brush Ceramic Products, Inc. will provide
written Certification of Compliance to this
specification upon request.

Nomatl inspedtion is performed in accordance
with ANSVASQ Z21.4-1993.

The term “Lot” is defined to include parts
formed from the same powder batch and fired
in the same Kiln firing.

Visual defects are defined according to
ASTM F-109.

All dimensions are interpreted per ASME
Y14.5 M 1994,

The products produced to this specification are
required to meet all the values listed in Section
2,3, 5 6 & 7. The properties tested in Section
4 are offered as typical properties of the
ceramic and are not evaluated on a lot4o-ot
basis, unless otherwise noted.

For areas not covered by this specification
ASTM F-356-91 applies. (Standard
Specification for Beryllia Ceramics for
Electrenic and Electrical Applications).

Unless otherwise stated on the purchase
order, all Isopressed Ceramic will be
marnufactured and inspected to Dimensional
Class 3 as per Section 7.0 and Visual Level
3 as per Section 6.0.

Attachment C to
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—2BRUSH

Isopressed Ceramics
CDI-20, Rev. E

2.0 Chemical Composition
(Powder Batch}

2.1 Beryllium Oxide (BeQ)is usually described
as 99.5% rminimum. The 99.5% minimum
is defined to be 100 percent minus the
total percentage of metallic impurities.

The metallic impurity content is determined
by emission spectroscopy.

3.0 Test Conditions

3.1 Al physical, mechanicat and electrical
testing are performed at room temperature,
except where noted.
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4.0 Typical Properties
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Property Test Method Value
4.1 Chemical

4,1.1 BeO Content Spectrographic by difference 99.5% min.
4.2 Thermal

4.2.1 Coefficient of
Thermal Expansion
4.2.2 Conductivity

4.2.3 Speciic Heat

ASTM E-228-95

Laser Flash Mathod

Axial Rod Method
(Ref. ASTM C-408-88)

ASTM C-351-92h

(25-1000 dag. C), 8.0 x 104*C

@ 25 deg. C 285 WmK
@ 100 deg C 220 W/mK
@ 150 deg. C 180 W/mK

@ 25 deg. C 251 WimK
@ 100 deg. C 188 W/mK
@ 150 deg. C 150 W/mK

0.25 cal./igm. C)

4.3 Electrical

4.4.3 Average Grain Size**

4.4.4 Impenetrabiliy, Liquid

Linear intercept Method
{Ref. ASTM E-112-96)
ASTM E-165-95 or
Other Dye Penatrants

4.2.1 Dielectric Constant ASTM D-150-95 @ 1MHz6.76
ASTM D-2520-95 @ 9.3 GHz 6.67
4.3.2 Dissipation Factor ASTM D-150-95 @ 1 MHz 0.0004 Max.
ASTM D-2520-95 @ 9.3 GHz 0.004 Max.
4.3.3 Volume Resistivity ASTM D-257-93 >10" ohm-cm
4.3.4 Dislactric Strength ASTM D-118-86 YT (8,35 mum) thick 230Vimi
4.4 Physicai
4 4.1 Density ASTM C-373-88 2.85 g/lem’, Minimum Average
4.4.2 Hardness ASTM E-18-96 Rockwell 45N 60 min,

15 to 25 microns (standard parts)
20 to 40 microns (massive pars)
impervious

4.5 Mechanical
4.5.1 Flexural Strength**

4.5.2 Modulus of Elasticty
4.5.3 Paisson's Ralio

4.5.4 Tensile Strength

4.5.5 Compressive Strength

ASTM F-417-78

ASTM C-623-92
ASTM C-565-93
ASTM C-565-93
ASTM C-773-88

(15-25 uym Grain Size) 30,000 psi Min. Average
(15-25 pym Grain Size) 25,000 psi Min. Average

80 x 10* psi
0.26

18,000 psi
225,000 psi

4.6 Gas Impenetrability

He-Mass Spectrometer

10* ce/sec. Helium

** Due to geometry and size of specific parts, the grain size and flexural strength may vary from nominal values.

4.7 Large Parts

Parts which require especially long firing cycles due to their size have coarser grains and lower mechanical
strength. Such parts typically include machining stock or parts whose dimensions exceed one inch (25.4 mm).

There may be variation of properties within large parts. The outgoing quality of the large parts is required to
conform to the bulk or sampled properties set forth below. Variation within the large parts not detected in the
above tests Is considered normal to this product and is not cause for retum or rejection.

On the basis of butk testing or limited sampling of material near the surface, the large parts shall meet the

following properties:

* Bulk Density 2.85 g/lec min.

* Grain Size 15 to 40 ym average
* Flexural Strength 25,000 psi minimum average.

PRE-DECISIONAL - For Planning and Discussion Purposes Only




Page 5

5.0 As-Fired Dimensional Tolerances

Dimensional Tolerances

Class 1

Machined Bafore Fring

Attachment C to
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5.1 Tubes ard Rods

51.2 Inside diameler
51.3 Length

5.1.4 Concentricty
51.5 Camber, Max.

5.1.1 Quisde dametss

516 Eilpliity(roundness)

+1% NLT 0.005" {0.127 mm)

£1% NLT 0.003" (0.0762 mm)

=1% NLT 0.005" (0.127 mm)

%1% NLT 0.005" {0.127 mm}
0.001 mfin

2% NLT 1/16" (1.5875 mm)
*1%% NLT 0.005° (0.127 mm)
4% NLT 1/16° (1.5875 mm)
£5% NLT 0.010° (0.254 mm)
0.003 néin
Within dimensional tolerances

6% NLT 1/8° (3.175 mm)
£2% NLT 0.010° (0.254 mm)
=6% NLT 1/8" {3.175 mm)
£10% NLT 0.025" (0.635 mm)
0.006 mfin

5.2 Bars, Piate, Blocks

522 Length
523 Fiat & Paralel

5.2.1 Width & Thicknass

=1% NLT 0.005" (0.127 mm)
1% NLT 0.005% (0.127 mm)

=0.020" {0.508 mm)

4% NLT 1/16° {1.5875 mm)

24% NLT 1/16° {1.5875 mm)

Within dmensional tolarances
+0.020° {0.508 mm)

6% NLT 1/8° (3.175 mm)
+6% NLT 18" (3.175 mm)

+0.020° (0.508 mm)

§.2.4 Boll Pattern

Note 1. Bars, Plates & Blocks have 1/8" (3.175 mm)} nominal radius.
Note 2. For extreme thin sections, some exceptions may be required.

6.0 Visual Defect Criteria

Visual Defects ASTM F-109 Machined As Fired Blank
Level 2 Max. Level 3 Max.
6.1 Blemish None 0.030° (0.762 mm) 0.100" {2.54 mm)
5.2 Bister None 9.015" {0.381 mm) 0.030" (0.762 mm)
6.3 Burr, Fin Flash None None Wihin Dmensional
Tolerances
6.4 Chup {open or closad)
Chup length unkmted
541 Parts unto 0.5° (12.7 mm) 0,015 Wx 015 D 0.0207 W x 00200 D Within Dmensicral
length or dameter (0.381 mm W x 0.381 tmm D) | (0.508 mm W x 0.508 mm D) Tolerances
542 Parts 0.5" 0 1.0° {12.7 mm 0.020°W x 002000 0.030°Wx0030° D Winin Dimensional
to 25.4 mm) length of dameter | (0.508 mm W x 0.508 mm D) | (0.762 mm W x 0.762 mm D) Tolerances
6.4.3 Parts 1.0° t0 2.0° 2554 mm 0.025" W x 0.025" D 0.040° W x0.040° D VWihin Dmenscnal
to 50.8 mm) length or dameter | (0.635mm Wx 0.635mm D) | (1.016 mm W x 1.016 mm D) Tolerances
5.4.4 Parts over 2.0° (50.8 mm) 0030 Wx0.030°D 0.050° W x 0.050° D Vihin Drnensionat
length or dameter (0.762 mmW x 0.762mm D) | (1.27 mm W x1.27 mm D) Tolerances
6.5 Cracks & Lamunaton None Less than 0.015° {0.381mm} | Wihin Dimensional
info part Tolerances
6.6 Grnding Marks Vthin surface fiush Within surface fnush N/A
tolerance tolerances
8.7 Inclusion None 0.010" (0.254 mm) 0.039" (0.762 mm)
6.8 Pt Pock, Hole, 0.015° (0.381 mmj) 0.025" (0.535 mm) 0.050" {1.27 mm;)
Porous Area
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7.0 Machined Dimensional Tolerances

Dimensional Tolerances

Class 1 Class 2 Class 3 Class 4
7.1 Length {outsxe) =0.0005° (0.0127 mm)} | =0.001" {0.025¢ mm) | =0.005" {0.127 mm} (=3.0107 (0.25¢ mm)
7.2 Diameter (outside) =0.80057 (£.0127 mm) | z0.001° {0.0254 ) | =0.005" (0.127 mm) | 0.010" (3.25¢ mm)
T3 LD tubes =0.0005" {0.0127 mm) | =0.001° (0.0254 mm) | z0.005™ {0.127 mm) | 20.010° {0.25¢ mm)
7.4 Hole Dameter =0.0005" (0.0127 mm) | =0.0017 (0.025¢ mm) | =0.005" {0.127 mm) | =0.010" {0.25¢ mm)
7.5 Hole Location =0.001" (0284 mm) | =0.0057 {0.127 mm) | =0.010" {0,254 rrom} NA
7.6 Concentraty, TIR 0.001° {0.025¢ mm) C.005° (0.127 mm) | 0.0107 {0.25¢ mm) NiA
7.7 Roundness VWithin dimensional tolerance NiA
7 8 Radius 0007 {08254 mm) | 0.0057 {0127 mun) | =0.0107 {0,254 mm) N/A
78 Angle, Degree =4 degres =1 depee =2 degree =5 degree
7,57 Fatness (s.ates) GENIE {00127 mm) | 0.0047 10.0¥5¢ mm) | 0.0027 (0.0508 mmy) j 0.005° {0.127 mm;j
7.14 Camber invin max, 0.00057 (0.127 mm) | 0.001" (0.025¢ mym) | 0.0015" (2.0381 mm) |0 002" {0.0808 mm)
7.12 Pamliglsm, TIR 0.00057 {0.0127 mm) | 0.0017 {0.2254 mm) | 0.002° (C.0508 mm) | C.0057 (3.127 mm)
7.13 Susface Firush Ra Max. 32 -3 &4 NA

Note 3, Tighter tolerances may be held for addtional costs.

Where tolerances are not specified. standard tolerances will be used as follows:

Three dacimal places £ 0.005" (0.127 mmyj
Two deamal places + 0.010" (0.254 mm)
Fractions * 1/64" (0.3962 mm)
Angles : 1 degree

Health and Safety

Handling berylium oxide ceramics in sobid form poses no special
health risk. Like many industrial materiais, benyifum-containing
materials may pose a heath risk if recommendes safe nanding
practices are not followed. Inhalation of arborne beryfim may
cause a serious ing disorder in susceptivle individuals.

The Occupational Safety and Health Administration {OSHA) has
set mandatory |imits on occupational respiratory exposurcs. Read
and follow the guidance in the Matedal Salety Data Sheet (MSDS)
betfore working with this material

For additional information on sale handling practices o technical
data on beryllium oxide ceramics, contact Brush Cermmic Products’
Sales Group ot 520-746-0251.

Onginal )z ae. & plamber 24 1371 « Rav. £ Aaguets 2021

International Sales Centers
Europe

Tel: 33-1-60-92-42-53

Fax: 33-1-60-92-41-30

Japan

Tet 81-3-3230-2961

| Fax: 81-3-3230-2008

| ( www.brushweilman.com )

6100 S. Tucson Blvd. » Tucson, AZ 85706 * Phone: 520-746-0251 = Fax: 520-294-8906
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1. Introduction

Attachment D to
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Grain size of beryllium oxide (BeO) can be correlated to irradiation performance of BeO.
Historical data indicates that finer grain size material swells less than larger grain size material
(Reference (a)). Much of the data used for swelling correlations presented in Enclosure 2 and
Reference {b) was obtained from fine grain size (nominally 5 um) BeO specimens. In an effort to
utilize historical data and minimize irradiation swelling, experimental efforts were taken to
reduce the grain size of BW-1000 material (Brush Ceramic Products) from 10 pm to 5 um
(nominal grain size). Experimental material from Brush Ceramic Products (BCP) is herein
referred to as BW-1000K material. It should be noted that other variables may influence swelling
(e.g. sintering aid composition, impurities and processing). They were not considered in detail,
and should be considered in future studies.

2. BW-1000 Brush Ceramics BeQ

21 Processing and Sample Fabrication

Brush Ceramic Products produces two grades of BeO — Thermalox 995 and BW-1000 (Table 1).
The primary difference between the two materials is the reduced grain size of BW-1000. The
reduced grain size of the BW-1000 BeOQ relative to Thermalox 995 is due primarily to sintering
additives and the sintering profile of the two materials. The finer grain sizes yield higher flexural
strengths for BW-1000 but the sintering additives used in BW-1000 lower the thermal
conductivity (References (c) and (d)). The maximum size for fired BW-1000 parts is 25.4 mm x
25.4 mm x 203 mm (1" x 1" x 8") while for Thermalox 995 the maximum size part is 127 mm x
127 mm x 508 mm (5" x 5" x 20"). These size limitations were expected to make reflector
manufacturing more difficult by requiring many more parts per slider or drum (based on design

assumptions).

Table 1: Materia! Properties Thermalox 995 vs. BW-1000 (References (¢) and (d))

Property Unit Test Method Thermalox 995 BW-1000
BeO content Weight % Stf:gti;?e%’ean‘l'gc 99.5 (min) 99.5 (min)
. . g/cm® ] 2.85 2.85
Nominal Density %theoretical ASTM C-373 (95%) (95%)
60 min 60 min
Hardness ASTME-18 | pockwell 45N) | (Rockwell 45N)
Grain Size microns ASTM E-112 9-25 (15 typical) | 9-12 (10 typical)
Flexural Strength MPa ASTM F-417 220 (min) 260 (min)
Thermal Conductivity | v/m-K Laser Flash 285 275
{(at Troom)
Mean Coefficient of 10% 1°C ASTM E-228 9.0 9.0

Thermal Expansion

{Troom — 127 3K}

(Troom - 1273K)
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The starting BeO powder for BW-1000 material is urea derived oxide (UOX) powder from Brush
Wellman (Reference (e)). Average starting particle size of the powder is 0.5 — 0.6 ym (0.65 pym
max}. Sintering aids are added to the starting powder and the powder is spray dried. Following
spray drying the material is isopressed. Powder is contained in a flexible mold which is then
immersed in water and the vessel is sealed. The chamber is pressurized to 29,500 psi and held
at pressure for 3 minutes. Because pressure is the same on the mold from all directions

(isostatically) the density is more uniform which reduces the internal stresses in the green state

and eliminates cracks, strain and laminations. Additionally, the green strength is usually higher
which allows for pre-firing machining. Isopressed parts are then sintered in a tunnel kiln as
follows:

Bake out: 454K - 725K over ~8 hrs

Ramp up: 725K - 1798K over ~12 hrs

Hold temperature: 1798K for ~5 hrs

Ramp to room temperature; 1798K — 296K in ~18 hrs

Actual heat work done in a given kiln cycle can vary over time. The firing cycle is verified with
test pieces sent through first. Grain size is measured and kiln adjustments are made if
necessary to achieve the 9 — 12 um (10 um average) grain size. Normal density of fired BW-
1000 BeO is ~2.89 g/cm® (approximately 96% theoretical density).

Table 2: Elemental Analysis of BW-1000"

Element wt%, ppm
BeO balance
B < 1
Al 25
Cr 5
Fe 40
Mg 1400
Mn <2
Ni 5
Ti <2
Na 125
Ag <1
Ca <30
Co <1
Cu <2
Mo <3
Pb <2
Si 1900
Zn <20
Block 83

2.2 Grain Size

Brush Ceramic Products performed grain size measurements on BW-1000 material. Grain size
measurements ranged from 9 — 12 um with an average of 10 um. Grain size was measured

PRE-DECISIONAL - For Planning and Discussion Purposes Only
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using the standard linear intercept method. Measurements were taken on both cylinder and disk
samples at three different locations: surface, 25% through thickness and center. Results are
presented in Table 3 and Figure 1. No differences were observed in the grain size at the center
of the specimen versus the surface of the specimens. Additionally, note that no differences were
observed in grain size between the cylinder and disk specimens taken from different blocks of
material (no differences were expected).

Table 3: Grain Size Results from BW-1000 Cylinder and Disk Specimens
(All Grain Size Measurements are in pm})

Part Location Average |
Surface 25% thickness Center
cylinder 83A 12 10 10
cylinder 83B 11 10 10
cylinder 84A 10 10 10
cylinder 84B 10 10 10
cylinder 85A 10 10 10
cylinder 858 10 10 10
cylinder 86A 9 10 10
cylinder 868 10 10 10
Average
{cylinders) 10 10 10 10
disk 27A 9 9 9
disk 27B 9 10 9
disk 51A 10 10 10
disk 51B 10 9 10
disk 62A 9 10 8
disk 62B 9 9 9
disk 87A 10 10 10
disk 878 11 10 10
Average
(disks) 10 10 10 10
Average 10 10 10 10
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Surface

25%
| 84b Cylinder
62a Disk |

L

Center

E g
o -

w

Figure 1: Optical Microscopy of BW-1000 Cylinder and Disk Specimens .
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3. Grain Size Reduction Runs (BW-1000K)

As previously discussed, BCP was contracted to perform three, sequential grain size reduction
runs, utilizing lessons learned from each run. The primary goal of the grain size reductions runs
was to reduce the average grain size of BW-1000 from 10 ym to 5 pym.

3.1 Run 1: BW-1000K-1

For the first grain size reduction experiment (BW-1 000K-1) the sintering profile of BW-1000 was
altered. Standard BW-1000 material is sintered at 1798K for ~5 hrs in a tunnel kiln. For BW-
1000K-1, the sintering profile was altered and the material was fired at 1723Kfor1 hrina
periodic kiln. This profile was selected through an iterative experimental process in which BCP
kept reducing time and temperature until the density of the material began to decrease. No
changes were made to the starting powder composition. Specimens fired were 20 mm x 20 mm
x 200 mm bars. Average grain size of BW-1000K-1 was 9 pm with a density of 2.87 gfcm3
Optical microscopy images of BW-1000K-1 material at three locations are shown in Figure 2.

Center 25% Surface

1 K
re gl

i IIPIJ; "4

| ———

50 pm

Figure 2: Optical Microscopy of BW-1000K-1 with an Average Grain Size of 9 ym and
Density of 2.87 g/lcm®

3.2 Run 2: BW-1000K-2

The second grain size reduction run (BW-1000K-2) combined the sintering profile determined in
Run 1 with a reduced starting average BeO particle size. For BW-1000 material the average
BeO starting particle size is 0.5 — 0.6 ym (0.65 ym max). For BW-1000K-2 the starting BeO
powder was “over-milled” to an average BeO particle size of 0.25 ym (0.5 ym max). BeO
powder was wet milled until the desired particle size was achieved. The “over-milled” powder
was pressed and 20 mm x 20 mm x 200 mm specimens were fired in the periodic kiln at 1723K
for 1 hr. Average grain size of BW-1000K-2 was 9 um with a density of 2.87 gl/cm®. Optical
microscopy images of BW-1000K-2 material at three locations are shown in Figure 3. (Lines on
the micrographs are from grain size measurements.)

PRE-DECISIONAL - For Planning and Discussion Purposes Only
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Center 25% Surface

50 pm

Figure 3: Optical Microscopy of BW-1000K-2 with an Average Grain Size of 9 ym and
Density of 2.87 g/cm® (Lines on the micrographs are from grain size measurements.)

3.3 Run 3: BW-1000K-3

The final grain size reduction (BW-1000K-3) run re-visited the adjustments to the sintering

profile. Based on the results of Run 2, it was determined that reducing the starting BeO particle

size did not result in a reduced grain size. Standard BW-1000 BeO powder (0.5 0.6 ym

particle size) was pressed and 20 mm x 20 mm x 200 mm specimens were fired in the periodic

kiln at 1698K for 1 hr. Average grain size of BW-1000K-3 material was 7 um with a density of

2.86 g/cm’. Optical microscopy images of BW-1000K-3 material at three locations are shown in
i Elemental analysis was also performed on BW-1000K-3 and is presented in Table 4

compared to BW-1000 material. No changes were made to chemistry, however slight variations
were observed.
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Center 25% Surface

50 pm

Figure 4: Optical Microscopy of BW-1000K-3 with an Average Grain Size of 7 ym and
Density of 2.86 glcm’ (Lines on the micrographs are from grain size measurements.)

Table 4: Elemental Analysis of BW-1000 Material and EW-1000K-3 Material

Element BW-1000, BW-1000K-3,
, wt% ppm wit% ppm
. ; BeO Balance Balance
B < 1 <1
Al 25 45
Cr 5 4 |
Fe 40 40 '.
: Mg 1400 1240 1
i Mn <2 <2
Ni 5 4
Ti <2 _ <2
Na 125 160
Ag <1 =1
Ca <30 . <30
5 Co <1 ; <1
' Cu <2 | 4
_ Mo <3 <3
| Pb <2 ' <2
Si 1800 2200 .
Zn <20 <20 '

4. Discussion

The goal of this research study was to reduce the grain size of BW-1000 material from 10 pm to

5 um to improve irradiation properties and leverage historical BeO data. Altering the sintering
. profile (BW-1000K-1 and BW-1000K-3) provided the most significant reduction in grain size (10

um reduced to 7 um) with minimal change in density (2.89 g/cm® reduced to 2.86 g/cm®) and
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composition. Reducing the starting particle size of the BeO powder (BW-1000K-2) did not result
in a significant reduction in grain size. A 30% decrease in grain size was achieved in this limited
grain size reduction study. With more study, grain size could potentially be further reduced and
the target of 5 um grain size achieved. A summary of all grain size reduction runs is provided in
Table 5. Optical micrographs of BW-1000, BW-1000K-1, BW-1000K-2 and BW-1000K-3 are
compared in Figure 5.

The strategy for the final grain size reduction run (BW-1000K-3) built upon the results of the first
2 grain size reduction runs. Because there was a slight decrease in grain size in Run 1 with very
little decrease in density, it was determined that the sintering profile could be further altered for
the final run. It is expected that as the sintering temperature is decreased (at constant sintering
time), the grain size of the material should decrease, accompanied by a decrease in density.
This trade-off between density and grain size with their impacts on the lifetime swelling
performance would need to be investigated with regard to reactor design and the neutronics of a
Prometheus type reflector.

Initial brainstorming sessions identified starting BeO chemistry (i.e., sintering aids) as a possible
route to reducing grain size. However, given the limited number of experimental runs and
questions about the effectiveness of altering the sintering aids (investigation of the phase
diagram indicated no further advantage could be gained by altering the ratio of sintering aids
currently used), this option was not selected. This method may warrant investigation by future
researchers interested in reducing BeO grain size. Further, a detailed literature review of
processing methods that produced the original 5 um BeQ should be performed.

Table 5: Summary of Grain Size Reduction Runs

BW-1000 BW-1000K-1 | BW-1000K-2 | BW-1000K-3
Ave. Grain Size 10 um 9 um 9 um 7 um
Density 2.89 g/cm® 2.87 g/em® 2.87 g/lcm® 2.86 g/cm®
(%theoretical) {96%) - (95%) (95%) (95%)
Ave. BeO
Particle Size 0.5-0.6 um 0.5-0.6 um 0.25 um 05-0.6 um
Sintering Time ~5 hrs 1hr 1hr 1hr
Sintering
Temperature 1798K 1723K 1723K 1698K
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BW-1000K-1

Ave. grain size = 10pm Ave. grain size = Suym

Ave. density = 2.89 glem? Ave. density = 2.87 glem?

BW-1000K-2 BW-1000K-3

T T Ave. grain size = 9ym Ave. grain size = Tpm

50 '.lm Ave. density = 2.87 g/cm? Ave. density = 2.86 glcm?®

Figure 5: Comparison of BW-1000 Material to the Experimental Runs (BW-1000K-1, BW-
1000K-2 and BW-1000K-3) (Lines on the micrographs are from grain size measurements.)

5. Conclusions

+ Beryllium oxide grain size was reduced from 10 pm (BW-1000) to 7 pym (BW-1000K-3)
with minimal impact on density by altering the sintering profile.
« Maximum dimensions of pressed and fired BW-1000 and BW-1000K parts currently is
. 254 mmx 254 mm x 203 mm (1" x 1° x 8%). Future effort is required to scale up the size

PRE-DECISIONAL - For Planning and Discussion Purposes Only




(@)

(b)
(c)

(d)
(e)

Attachment D to

Enclosure 2 to
MDO-723-0046/
B-MT(SPME)-23

of pressed and fired BW-1000 and future BW-1000K (reduced grain size) parts, while
maintaining the same material properties and grain size.

The NRPCT judged that with further study, BeO grain size could potentially be reduced
to 5 um.
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1. Introduction

Unirradiated material property testing of Brush Ceramic Products (BCP) BW-1000 beryllium
oxide (BeO) material was conducted by BCP. Properties tested included density (ASTM C-373-
88), specific heat (ASTM C-351-92b), thermal diffusivity (ASTM E-1461-01), thermal expansion
(ASTM E-228-95) and compressive strength (ASTM C-773-88). With the exception of
compressive strength, these properties were tested over the temperature range Treom to 1250K.
Compression testing was performed at T.om and 650K. Higher temperature (850K, 1050K and
1250K) compression testing was attempted and produced questionable results. All testing was
planned to be complimentary to the JOYO irradiation test (Enclosure 2). Test specimens were
fabricated from isopressed BW-1000 material with a nominal grain size of 10 um. Specimens
were machined out of larger BeO pieces representative of the material expected foruse in a
Prometheus reflector application.

2. Results
2.1 Density

Room temperature density measurements were performed on five BeO specimens in
accordance with ASTM C-373-88, which is based on the Archimedes principle (Reference (a)).
The five specimens were from five different blocks of material. Elemental analysis of Block 83 is
presented in Table 1. Using average thermal expansion data in Section 2.4, room temperature
density values were extrapolated to 1273K (assumes isotropic expansion). Extrapolated density
data is presented in Table 2 and Figure 1. The theoretical density of BeO is 3.01 g/cm®
(Reference (b)) and the percent theoretical density (%TD) is included in Figure 1.

Table 1. Elemental Analysis of BW-1000 BeO Block 83

Element wt%, ppm
BeQ balance
B <1
Al 25
Cr 5
Fe 40
Mg 1400
Mn <2
Ni 5
Ti <2
Na 125
Ag <1
Ca < 30
Co <1
Cu <2
Mo <3
Pb <2
Si 1900
Zn <20
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;_ Temperature [;:l

Block 27 |

2.89

2.88
2.88
2.87

Table 2: Room Temperature and Extrapolated Density Data Table for BeO
Density Values (g/cm®)

| 288 |

2.88
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Block 62 | Block 83 | Block 86 |

2.87

2.87

287
2.86

—

1

3.00 ¢

295 1

285 1

2.80 4

276 1

286

2.85

285

285
284

283

L

273

2.82

i =S

#Bilock 2T ®mBlock 51 & Block 82 #» Block B3 x Block BS

L

Temperature (K)

Figure 1: Room Temperature and Extrapolated Density Data for BeO
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2.2  Specific Heat

Specific heat measurements were performed in accordance with ASTM C-351-92b from 323K to
1273K. Room temperature values of specific heat were extrapolated. Measurements from 323K
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to 573K were performed with a Perkin-Elmer calorimeter and at higher temperatures (623K -

1273K) were performed with a Netzch calorimeter. Disks used for specific heat measurements

were 5.84 mm in diameter and 1.52 mm thick. Specific heat data is presented in Table 3 and

Figure 2. Note that the 5 samples tested do not correlate with the 5 blocks tested for density in
Section 2.1 or the 5 samples tested for thermal diffusivity (Section 2.3) and thermal expansion

(Section 2.4). Error associated with specific heat measurements was reported as + 2%.

Table 3: Specific Heat Data Table for BeO
Specific Heat (J/kg-K)

Temperature (K) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
296 986 973 977 890 996
323 1088 1087 1083 1085 1091
348 1179 1182 1171 1174 1176
373 1254 1259 1245 1250 1250
398 1321 1328 1312 1318 1320
423 1380 1388 1371 1378 1380
448 1432 1442 1425 1431 1433
473 1479 1490 1471 1481 1483
498 1522 1553 1513 1525 1531
523 1560 1673 1552 1566 1564
548 1692 1610 1589 1610 1601
573 1618 1642 1622 1643 1634
623 1697 1701 1700 1692 1694
673 1734 1752 1738 1728 1744
723 1784 1790 1782 1779 1775
773 1809 1822 1809 1798 1819
823 1843 1856 1842 1841 1856
873 1855 1877 1872 1856 1867
923 1874 1903 1882 1876 1879
873 1896 1922 1901 1898 1892
1023 1915 1940 1918 1922 1816
1073 1941 1959 1937 1943 1938
1123 1967 1978 1972 1977 1970
1173 1992 2001 2000 1990 1898
1223 2020 2018 2014 2012 2012
1273 2045 2042 2030 2029 2034
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Figure 2: Specific Heat Data for BeO

2.3  Thermal Diffusivity/Thermal Conductivity

Thermal diffusivity measurements were performed via the laser flash method in accordance with
ASTM E-1461-01. Samples tested were 12.7 mm diameter x 2.78 mm thick disks. Thermal
diffusivity data is presented in Table 4 and Figure 3. The front face of the diffusivity test
specimens were coated with silicon carbide (SiC) because the BeO was partially transparent to
the laser. Error associated with thermal diffusivity measurements was reported as £ 2%. Given
that the room temperature value obtained for Sample 1 in Table 4 was ~10% below the average
diffusivity values for samples 2-5, the vendor reported accuracy of £2% is considered suspect,
but not necessarily in error. However, sufficient time was not available to fully explore this
inconsistency.
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Table 4: Thermal Diffusivity Data Table for BeO
Thermal Diffusivity (cm®/s)
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Thermal Diffusivity (cm®/s)

Temperature (K) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
296 0.838 0.933 0.914 0.923 0.940
323 0.642 0.730 0.724 0728 0.730_
373 0495 | 0520 | 0526 0.526 0.521
473 0304 | 0327 | 032 0.332 0.327
573 0.222 | 02N 0.229 0.232 0.229
= 673 0163 | 0.169 0.175 672 | e |
773 0.130 0.136 0.135 0134 | 0135
B73 010s | 0109 0.107 0108 | 0111
| 973 0085 | 0088 | 0.087 0.089 0.088
1073 ___o0m 0.073 0.072 0.072 0.073
1173 0.060 ' 0.081 0.062 0.062 0.062 |
1273 0.052 0.053 0.054 0.054 0.054
1.0000 |
— ' «Sample1 =Sample2 & Sampled =« Sampled = Sample5
0.8000 -
I
0.7000
0.6000 -
L]
0.5000 | .
0.4000 -
L
0.3000 *
0.2000 -
]
4
0.1000 - . -
L ] M &
0.0000 - —
273 473 673 873 1073 1273

Temperature (K)
Figure 3: Thermal Diffusivity Data for BeO
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Thermal conductivity was calculated from thermat diffusivity measurements based on the

following equation:
A=a-C,-p

where

A = thermal conductivity, W/cm-K
a = thermal diffusivity, cm®/s

C, = specific heat, J/g-K

p = density, g/em®

Average values of specific heat and density were used for the thermal conductivity calculation
because specific heat, density and thermal diffusivity measurements were performed for
different samples from different blocks of material. The average density and specific heat from
the five blocks/samples at each temperature was used and thermal conductivity calculated for
each diffusivity measurement. Average values used in the thermal conductivity calculation are
presented in Table 5. Calculated thermal conductivity data is presented in Table 6 and Figure 4.

Table 5: Average Density and Specific Heat Values Used in the Thermal Conductivity

Calculation
Specific Heat
Temperature (K) | Density {g/icm®) {(JIg-K)
296 2.89 0.984
323 2.89 1.087
373 2.89 1.252
473 2.88 1.481
573 2.87 1.632
673 2.87 1.739
773 2.86 1.811
873 2.85 1.865
973 2.84 1.902
1073 2.83 1.944
1173 2.82 1.996
1273 2.81 2.036
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Table 6: Calculated Thermal Conductivity Data Table for BeO

Thermal Conductivity (W/m-K)

Tarn_m:r;thr; (K) Sample 1 _Sample 2 Sampié ¥ Sample4 | Sample 5
296 238.4 265.4 260.0 2626 2674 |
323 201.6 229.3 2274 228.7 2293
373 178.8 187.8 190.0 190.0 188.2
473 1296 139.5 139.0 1416 1395 |
573 104.1 108.3 107.4 108.8 1074 |
673 81.3 843 87.3 858 863 |
773 67.3 70.4 £9.9 69.4 69.9
e 873 55.8 _58.0 56.9 57.4 59.0
973 | 480 476 47.0 48.1 476
1073 39.1 40.2 39.7 39.7 40.2
1173 33.8 34.4 35.0 35.0 350 |
1273 29.8 304 30.9 30.9 30.9
300.0 _—— -
‘ ¢ Sample 1 ®Sample 2 i Sample 3 = Sample 4 = Sample 5
1
250.0 4
L]
|
3
E 2000{ ¢
= N
‘5 *
3
S
5 1500 4
2 .
S .
-
§ 100.0 { '
e
‘
s
50.0 | : 3
L] - .
0.0 -

73

473

673

873

Temperature (K)

1073

Figure 4: Calculated Thermal Conductivity for BeO

1273
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2.4 Thermal Expansion

Thermal expansion was measured in accordance with ASTM E-228-95 using an Innovative
Thermal Systems dilatometer, model 3916. Samples tested were rectangular bars 42mmx4.2
mm x 26.5 mm. Linear expansion was measured for each specimen. Using the definition below,
the mean coefficient of thermal expansion (CTE) was calculated. It should be noted that
interpolation was used in some cases to report a CTE value at the selected temperatures in

Table 7.
AL = L. amcan ' AT or amean = —Aﬂ
AT

where
Omean = Mean coefficient of thermal expansion, K

L = original specimen length
AL= Lexperimental -L
AT = Texperimental — Treterence (Where Tieference = 296K)

Mean coefficient of thermal expansion data is shown in Table 7 and Figure 5. Note that the five
samples tested do not correlate with the five blocks tested for density in Section 2.1 or the five
samples tested for specific heat (Section 2.2) and thermal diffusivity/conductivity (Section 2.3).

Table 7: Mean CTE Data Table for BeO (All CTE Values are K"

CTE (K) Temperature CTE (K™) CTE (K™)
Temperature (K) | Sample 1 (K) Sample 2 | Temperature (K} | Sample 3
360 5.78E-06 367 5.92E-06 373 5.95E-06
373 5.89E-06 373 5.94E-06 473 6.29E-06
473 6.23E-06 473 6.25E-06 573 6.69E-06
573 6.61E-06 573 6.64E-06 673 7.09E-06
673 7.02E-06 673 7.04E-06 773 7.48E-06
773 7.42E-06 773 7.44E-06 873 7.84E-06
873 7.79E-06 873 7.80E-06 973 8.19E-08
973 8.15E-06 973 B.07E-08 1073 8.51E-06
1073 8.47E-06 1073 8.36E-06 1173 8.81E-06
1173 8.75E-06 1173 8.66E-06 1273 9.09E-06
1273 9.02E-06 1273 8.83E-06
CTE (K") Temperature CTE (K")
Temperature (K) | Sample 4 {K) Sample 5
373 5.82E-06 367 5.92E-06
473 6.18E-06 373 6.02E-06
573 6.60E-06 473 6.34E-06
673 7.02E-06 573 6.70E-06
773 7.41E-06 673 7.13E-06
873 7.81E-06 773 7.49E-06
873 8.14E-08 873 7.88E-06
1073 8.43E-06 873 8.26E-08
1173 8.61E-06 1073 B.57E-06
1273 8.88E-06 1173 B.85E-06
1273 9.10E-06
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Figure 5: Mean CTE Data for BeO

2.5 Compressive Strength

Compressive strength testing of BeO was conducted by BCP in accordance with ASTM 773-88
Test specimens were right circular cylinders with a 12.7 mm (0.5") diameter and 38.1 mm (1.57)
length. Load rate for compression testing was 0.1 mm/min (0.005 in/min). Compression testing
was to be performed at T,pom, 650K, 850K, 1050K and 1250K. Due to equipment failure, high
temperature (850K, 1050K and 1250K) testing was not completed at the time of issuance of this
report (a single data point is included for 850K and 1250K). Complete results can be found in
Reference (c)

There were complications associated with the room temperature and 650K tests. BCP stated
that “no meaningful data” resulted from compression testing based on unexpected failure of the
test specimens. Failure modes included shearing near the edges (Figure 6) and shattering of
the BeO specimens. The ultimate load and failure mode was reported for the tested specimens
(Table 8). Using the area of the load bearing surface of the specimens, the compressive
strength was calculated. For comparison, the room temperature compressive strength of BeO
has been shown to be ~1420 MPa (206,000 psi) for 95% dense BeO (Reference (b)). While
some of the room temperature data is near this value, there is large scatter in the data (Weibull
modulus is ~2). This data is considered preliminary. Further investigation is required to
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understand the fundamental failure mode of BeO. Until BeO failure in compression is
understood, more data should be obtained to reduce uncertainty associated with compression
testing

Figure 6: Shearing Failure of BeO Compression Specimens
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Table 8: Compression Testing Results as Reported for BeO

! Compressive
| Temperature (K) | Ultimate Load (Ibf) Strength (MPa) Failure Mode
| Typical compressive
strength from literature
! 296 - 1420 (Reference (b))
| 296 42860 . 1504 Edge Shear
i 296 44970 1578 Edge Shear
' 296 16730 587 'Edge Shear
206 33040 1160 Shattered i
296 23080 810 1 Edge Shear
| 296 9245 324 | Edge Shear
296 25840 907 f Shattered
296 | 50040 1756 _____Shattered
296 I 40880 | 1438 Edge Shear
206 40640 { 1426 Shattered
650 26830 | 942 Shattered
L 650 26550 932 Shattered
650 29400 _ 1032 Shattered
650 29480 1035 | Shattered
650 28270 ' 1027 ! Shattered
650 28340 | 995 ! Shattered
650 | 26110 916 - Shattered
650 | 24800 . 870 i Shattered
650 ! 22650 | 785 | Shattered
650 ! 27330 959 ‘ Shattered
850 | 17210 604
1250 | 12480 438
3. Discussion

Material property testing conducted by BCP was compared to the literature review on BeO
(Reference (b)). Density, specific heat and thermal conductivity results were consistent with
literature. While it was not possible to perform a density, specific heat and thermal diffusivity
measurement for a single sample, there was little variation in the calculated thermal conductivity
of the material. Figure 7 shows the BW-1000 thermal conductivity data gathered from this study
compared to the curve fit to historical data. It is observed that the BW-1000 BeO closely
matches the historical grades. Thermal expansion measurements were slightly lower than
reported for previous grades of BeO in the literature. The mean CTE of BW-1000 BeO
compared to historical data is shown in Figure 8. It was undetermined if these results are
representative of the isopressed material tested (BW-1000) versus historical data (e.g. other
grades may be anisotropic or contain impurities). Further investigation of the current test results
and test conditions are necessary to clarify this discrepancy. All of the raw data for density,
specific heat, thermal expansion and thermal diffusivity will be included in Reference (c).
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Figure 7: Comparison of BW-1000 BeO Thermal Conductivity Results and Curve Fit to
Historical Data (Reference (b))
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Figure 8: Comparison of BW-1000 BeO Mean CTE Results and Curve Fit to Historical
Data (Reference (b))

Basad o the results from compression-testing-more-work-is-required-to-fully characterize the
compressive strength of BeO. Limited BeO compression data was located in the literature
(Reference (b)). Additionally, many of the modern applications for BeO do not require in depth
knowledge of compressive strength and therefore little developmental work has been conducted
on testing BeO (the majority of applications are because of the high thermal conductivity of the
material). Figure 9 shows the BW-1000 compressive strength data compared to literature. It was
theorized that due to lack of compression testing experience, experimental conditions and
methods may have contributed to scatter in the data. Initial tests at room temperature exhibited
more scatter (Weibull modulus is 2) compared to tests at 650K taken at a later time (Weibull
modulus is 12). Future studies could minimize this effect by using randomization in experimental
design. Other potential reasons for large scatter in the compression test data, which have not
been verified or dismissed, include but are not limited to:

» Machining flaws in the specimens

¢ |Improper sample size (L/D ratio was originally specified as 2 and this was changed
due to testing limitations to 3)

« Un-parallel sample faces resulting in un-even loading

« Mis-calibrated equipment resulting in un-even loading

« Improper load rate

s |Improper experimental setup
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« Lack of experience in testing dense ceramics in compression

More work is required to fully understand compression testing and the compressive strength of
BeO.

Compressive Strength (MPa)

m,. — e
1800 - ,

1600 | »

1400 |
Curve fit to historical BeO data

Reference (b)

1200 -

1000 4

600 | =

400 -

200 1

273 473 673 873 1073 1273 1473
Temperature (K)

Figure 9: Comparison of BW-1000 BeO Compressive Strength Results-and Curve Fitto

Historical Data (Reference (b))

Conclusions

s Un-irradiated material properties of BeO have been largely characterized over the

estimated operating range of a Prometheus type reactor

» Density, specific heat and thermal conductivity of BW-1000 BeO, closely match the

historical data.

» Mean CTE data for BW-1000 BeO differs slightly from the historical data
» More work is required to determine the compressive strength of BeO.
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1.0 Introduction

This enclosure provides technical information regarding the availability, physical properties and
effectiveness of alumina, magnesia, and spinel as possible reflector materials.

1.1 Background

With Naval Reactors (NR) approval of the Naval Reactors Prime Contractor Team {(NRPCT)
recommendation to develop a gas cooled reactor directly coupled to a Brayton power conversion
system as the Space Nuclear Power Plant (SNPP) for Project Prometheus (References (a) and (b)),
alternative reflector materials have been proposed to eliminate the ES&H issues and associated costs
related to manufacturing Be and BeO, the primary reflector material candidates (Reference (c)).
Materials under consideration are alumina, magnesia, and spinel (MgAl,Q.), all of which are non-
moderating reflector materials. The alternative materials are about as effective because they do not
moderate the neutron energy as strongly as the moderating beryflium reflectors. Moderation in the
reflector causes an increase in the parasitic neutron absorption in structural materials having cross
sections that increase as the neutron energies are lowered (e.g. rhenium) when the moderated
neutrons return to the core, which in part negates the better reflecting properties of BeQ. The
alternative materials present a mass penalty relative to Be and BeO because their mass densities are
higher. However, given their large manufacturing base, availability, lower cost, and non-hazardous
nature, they present viable alternatives to Be and BeO.

1.2 Discussion

The main issues regarding potential reflector materials are their effectiveness as a reflector, density
{mass), and irradiated material properties. Initially only BeO and beryilium metal were considered as
reflector materials but calculations made on reflector effectiveness showed that alumina, magnesia
and spinel could also potentially be used. These alternative reflector materials are not hazardous,
and, therefore, do not share the ES&H, handling and processing issues associated with the beryllium
materials. Moreover, these materials have a wider availability and vendor base. An initial assessment
of the physical properties, neutronics, and vendor base of alumina, magnesia, and spinel is presented
as a foundation for any future research. No experimental plans were developed or executed.

2.0 Alternate Reflector Materials

Beryllium (Be) and beryllia (BeO) are leading candidate reflector materials given their excellent
neutronic properties (high atom density, high scattering and low absorption cross-sections, etc.) and
low densities (Reference (d)). The use of Be and/or BeO is complicated by the difficulty in
manufacturing components from these materials. Both materials have a sole source vendor leading
to high cost and long iead times for manufacturing components. In addition, beryllium and beryllium
compounds are hazardous substances requiring significant safeguards to avoid potential personnel
health problems when handling powders or generating (e. g., in machining or grinding) particulate
material. Given the above short-comings, lower-cost, readily-available alternative materials were
considered for the reflector. Neutronic studies and other materials properties indicate that alumina
(Al,03), magnesia (MgO), and spinel (MgAl,O.) could be viable candidates pending satisfactory
resolution of several issues including mass penalties, differences in neutronic characteristics, and a
lack of irradiated materials data potentially impacting testing costs and the program schedule. Further
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study of these non-moderating materials would be necessary before making a final decision for the

reflector material.

Physical properties of the proposed reflector materials are listed below in Table 1 (Reference (g)
unless otherwise noted). Unless otherwise noted, the values provided are at approximately 800K, the
estimated working temperature for the reflector.

Table 1. Physical properties of proposed reflector materials
(at approximately 900K unless otherwise noted)

Be BeO AlLO, MgO MgAL,O,
Theoretical Density ° (@cm?) | 1.85 3.01 3.96 3.58 3.60
Thermal conductivity Wm'K") |95°2 58.3° g.3" 115°¢ 7.4°
Coeff. of thermal expansion (x10° K"} [ 20.0 9.6 8 13 76-88
Tensile strength (MPa) | 150 ° 124 285 - 550 | 105 83 - 220
Modulus of elasticity (GPa) | 287 300 390 250 — 300 | 240 - 260
Fracture toughness (MPam"®) | 9-13 3.68 20-30 [13-20 |19
Poisson's ratio 0.032 0.32 0.26 0.18 0.27
Knoop or Vickers hardness (GPa) | 5.5 11-13 18-23 55-60 ;8

Specific heat (kJkg' K" | 2.92° 1.9 1.2 1.25 1.2

¥ Reference (d) ° Reference () ~Reference {g) ° vacuum hot-pressed biock

2.1 Aluminum Oxide (Al,03)

2.1.1 Physical Properties
See Table 1 (above).

2.1.2 Neutronics

Neutronic studies indicate that alumina is a viable candidate for a refiector material from the
standpoint of the excess reactivity leve! that can be achieved. It has a relatively high neutron
scattering cross-section and a relatively low neutron absorption cross-section. Questions regarding
how well alumina will perform at elevated temperatures in long-term service and the radiation
environment remain to be resolved.

BeO has a high atom density, high temperature capability, and along with its good moderating
characteristics and (n,2n) reaction, it is considered to be the leading candidate and was used for the
design of the reflectors in all of the core concepts studied. Mass penalties are a concern for all of the
alternative reflector materials. Both the material density and reflector thickness will affect the total
mass of the reflector. Figure 1 (Reference (c)) provides a comparison of each material's effectiveness
as a function of its thickness for one of the notional reactor concepts studied by the NRPCT using
axially translating reflector segments (sliders). The estimated thickness of the sliders for both beryllia
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and alumina, minimizing mass, is 11cm. The estimated reactor mass penalty for alumina is
approximately 8% relative to beryllia, or 2073kg versus 1923kg (A = 150kg). With this preconceptual
reactor's material and geometric configuration, for reflectors of 11 to 13cm or more thickness,
alumina, spinel, and magnesia are all equally or more effective than beryllia, and hold a significant
advantage over beryllium. One of beryllium's distinct advantages is its relatively low density, making it
the lowest mass option (~1792kg) (References (c) and (d)); however, its irradiation performance
requires further evaluation. Cracking and breakage have been reported at fluences comparable to
those estimated for the Prometheus reflector in applications such as the Advanced Test Reactor
(ATR) reflector, albeit, at lower temperature (Reference (h)). Generally, differential swelling could be
expected based on local variations in temperature and fluence (References (d) and (i)) for all
candidate materials, potentially inducing substantial stresses in brittle materials (including embrittied
Be). If breakage allowed relocation of the reflector material within canning, or loss of material if the
reflector were not canned, the ability to accurately index the reflector position could be lost. This may
be unacceptable for the pre-conceptual reactor concepts, where it is estimated that reflector position
must be known and controlled to within less than one millimeter.

Figure 1. Reflector Effectiveness vs. Thickness for a Preconceptual
Reactor Materials and Geometric Configuration
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Alumina has been found to swell 1.2 — 3% under neutronic irradiation with fluences around 10% n/fem?®
(References (j), (k). (I)). From preconceptual reactor design evaluations, it is anticipated that the
reflector will experience a peak fluence of approximately 10° n/em’ (E>1.0MeV) and therefore some
swelling is to be expected. There is also some very minor anisotropic lattice expansion that would
lead to internal stresses in the polycrystalline alumina. It is, however, inconsequential compared with
the macroscopic swelling.
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It has been well-documented that alumina experiences extensive grain boundary microcracking under
high neutron irradiation (~10% n/em?). (References (j), (k), () One study observed extensive fracture
in polycrystalline alumina samples exposed to doses above 3x10?' nfem? but virtually no fracturing
with doses less than 2x10?' n/em?. Young's modulus of polycrystalline alumina was reduced by 3%
after irradiation to 3x10% n/em? at 350K. As the fluence and temperature go up, the study showed a
shift from transgranular to intergranular fracture (Reference (m)). Testing would be required to
understand how the microcracking will affect alumina's employment as a reflector material (Reference

(n).

2.1.3 Current Vendor Base

Alumina is the most widely used fine ceramic material. As such, alumina powders and finished
products are available in a broad range of purities from multiple vendors including Coors, Alcoa,
Vesuvius, and numerous others. Material quality for commercially available bulk powders is on the
order of 99.9+%, with higher or lower qualities available as cost and application dictate. Alumina does
not exhibit the toxicity concerns of BeO and is amenable to various standard manufacturing
processes. The extensive commercial availability, vendor base, and lack of processing complication
(toxicity) should lead to substantially lower final costs for alumina reflectors as compared with BeO.
Those savings could, however, be overwhelmed by irradiated materials testing costs and program
delays.

2.2 Magnesium Oxide (MgO)

2.2.1 Physical Properties

See Table 1 in Section 2.0 - Physical properties of proposed reflector materials.

2.2.2 Neutronics

No literature reports have been found on magnesia's properties and behavior under netitron
irradiation at expected fluence values. See Figure 1 in Section 2.1.2 for a discussion of estimated
reflector thickness requirements.

The mass penalty associated with use of magnesia versus beryllia is the least of the three alternative
materials evaluated for one of the preconceptual reactor material and geometric configurations. The
estimated penalty is approximately 4%, or 2006kg versus 1923kg (A = 83kg) (Reference {c)).

2.2.3 Current Vendor Base

Magnesia is a commonly used refractory material in the iroen and steel industry. Thus, a vendor base
exists, but the ability to readily obtain the extremely high quality material required for the reflector
application must be verified. Martin Marietta Magnesia Specialties and Rohm & Haas both provide
high purity magnesium oxide powders for technical refractories applications. New Castle Refractories,
Vesuvius, ANH Refractories, and Refco, Inc. all manufacture magnesia based refractory shapes.

it should also be noted that magnesia, in common with other alkaline earth oxides (Ca0O, SrO and
Ba0) is prone to formation of a stable hydroxide on exposure to typical ambient humidity levels. It is
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assumed that some degree of caution would need to be exercised in processing, fabrication and
handling to avoid problems. Detailed understanding of the severity of this problem requires further
evaluation. There is also an overwhelming lack of irradiated materials data that would lead to costly
testing and program delays.

2.3 Spinel (MgAl,Q,)
2.3.1 Physical Properties

See Table 1 in Section 2.0 - Physical properties of proposed reflector materials.

2.3.2 Neutronics

Spinel exhibits exceptional stability under irradiation at elevated temperatures. Little to no damage in
the form of volumetric swelling, thermal conductivity changes, and visible defects have been observed
for fluence values up to 10% n/cm? in the temperature range of interest. Defects recombine easily
during irradiation at elevated temperature, leading to essentially constant structural properties even at
very high fluences. Spinel retains structural properties better than any other reflector material
considered for the combination of fluence and temperature envisioned during service (References (o)

and (p))-

The mass penalty associated with use of spinel versus beryllia is intermediate between magnesia and
alumina for the preconceptual reactor material and geometric configuration evaluated. The estimated
penalty is approximately 5%, or 2025kg versus 1923kg (A = 102kg) (Reference (c)).

2.3.3 Current Vendor Base

Spinel powders and finished products are available in a range of stoichiometries from multiple
vendors including Coors, Linde, Ceradyne, and numerous others. Material quality for commercially
available bulk powders is on the order of 99.9+%, with higher or lower qualities available as cost and
application dictate. Spinel does not exhibit the toxicity concerns of BeO and is amenable to standard
ceramic manufacturing processes. The greater commercial availability, vendor base, and lack of
processing complexity (toxicity) should lead to substantially lower final costs for spinel reflectors as
compared with BeO. As with the other alternatives, these savings could, however, be overwhelmed by
irradiated materiais testing costs and program delays.

3.0 Conclusions

A discussion of the potential merits of alumina, magnesia, and spinel as reflector materials was
presented identifying these materials as viable alternatives to beryllium and beryllium oxide and
worthy of in-depth evaluation. Basic materials properties and availability were discussed and
compared with the BeO and beryllium metal properties. While use of any of the three alternative
materials will likely incur a mass penalty relative to either Be or BeO, the tradeoff of ~85 to 150kg
mass (relative to BeQ) for elimination of ES&H concerns in fabrication and processing, as well as
possible inadvertent reentry concerns, reduced cost and ready availability from numerous vendors is

potentially attractive.
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1.0  Beryllium (Be)

Author: Billone, M.

Title: Recommended Design Correlations for S-65 Beryllium

Reference: Proceedings 2™ IEA International Workshop on Beryllium Technology for Fusion
pp 348-363

Date: September 6-8, 1995

Key Words: Beryllium, Be, material properties, irradiation swelling

Summary

This paper focuses on the use of beryllium (Be) as a plasma-facing component (PFC) material.
However, the correlations presented can also be used to describe the performance of Be in
other radiation environments. Correlations are provided for S-65 grade Be (Brush Wellman).
The properties for Be are divided into two categories: properties which do not change when the
bulk of the material has radiation damage; properties which are degraded by neutron irradiation.
Irradiation independent properties include specific heat, thermal expansion and elastic
constants. Irradiation dependent properties include thermal conductivity, yield strength, ultimate
tensile strength, tensile elongation, creep strength and swelling.

Author: Chaouadi, R., F. Moons and J.L. Puzzolante

Title: Tensile and Fracture Toughness Test Results of Neutron Irradiated Beryllium

Reference: Proceedings 3" IEA International Workshop on Beryllium Technology for Fusion
pp 241-253

Date: October 22-24, 1997

Key Words: Beryllium, Be, tensile properties, fracture toughness, neutron irradiation, Brush
Wellman, 8-65, $-65H, $-200, S-200FH
Summary
Report of tensile and fracture toughness test results for 4 grades of Be (S-65, 8-65H, S-200F
and S-200FH). Specimens were irradiated in the BR2 material test reactor at fluences ranging
from 0.65 — 2.45x10?' n/em? (E>1 MeV) and temperatures ranging from 458 — 878K.
Unirradiated specimens were thermally aged to determine possible thermal effects on material
properties. It was reported that the tensile properties of different grades of Be behave similarly
under irradiation conditions. In general, irradiation strengthened the material and resulted in a
loss of ductility and decrease of fracture toughness. Beryllium test specimen geometries and
test methods were also discussed.

Author: Dalle Donne, M., F. Scaffidi-Argentina, C. Ferrero and C. Ronchi
Title: Modeling of Swelling and Trittum Release in Irradiated Beryllium
Reference: Journal of Nuclear Materials Volume 212-215 pp 954-960

Date: 1994

Key Words: Beryllium, Be, irradiation swelling, ANFIBE, helium generation, tritium release
Summary

This paper reviews important effects of neutron irradiation on Be including swelling,
embrittlement and tritium retention. A computer code was developed capable of describing the
helium and tritium behavior in Be. The resulting code, ANFIBE (ANalysis of Fusion Irradiated
BErylllium), is a modification to an existing code available for the modeling of fission gas
behavior in UQ; irradiated in fission reactors. ANFIBE allows the calculation of gas distribution,
induced swelling and helium and trittum release from Be. Good agreement between the ANFIBE
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code and experimental data are given in addition to volumetric swelling curves for Be irradiated
to various fluences at various temperatures.

Author: Dombrowski, D.E., E. Deksnis and M.A. Pick
Title: Thermomechanical Properties of Beryllium
Reference: Brush Wellman Report TR-1182

Date: 1995

Key Words: Beryllium, Be, Brush Wellman, material properties, S-65, S-200F, S-65H, S-
200FH, Be powder metailurgy
Summary
This review summarizes many properties of beryllium (physical, thermal and mechanical) at
temperatures of interest to its application as a plasma-facing component. The different grades of
Be are examined and a description of the powder metallurgy associated with Be processing is
given. The majority of the properties and data reported are for unirradiated Be grades. These
properties include specific heat, density, viscosity, vapor pressure, thermal conductivity, thermal
expansion, electrical resistivity, elastic moduius, Poisson’s ratio, uitimate tensile strength, yield
strength, elongation, reduction in area, creep, fatigue and fracture toughness. A summary is
included which outlines gaps in the unirradiated and irradiated property data and future needs
for Be use in nuclear applications. Safety and handling experience associated with Be is also
included with airborne and surface contamination limits.

Author: Gelles, D.S., G.A. Sernyaev, M. Dalle Donne and H. Kawamura
Title: Radiation Effects in Beryllium Used for Plasma Protection
Reference: Journai of Nuclear Materials Volume 212-215 pp 29-38

Date: 1994

Key Words: Beryllium, Be, irradiation swelling, compressive yield strength
Summary .

This document is a review of the literature on Be, with emphasis on the effects of irradiation on
the material properties. Neutron irradiation swelling and embrittlement experiments are
described as a function of temperature, fluence and neutron spectrum. These experiments are
quantified where possible. Data and correlations are given for neutron irradiation swelling of Be.
Some mechanical properties (hardness and compressive yield strength) are also discussed for
various neutron irradiation conditions. Additionally, the effects of impurity content are reported,
from which optimum composition specifications can be defined.

Author: Hickman, B.S

Title: Radiation Effects in Beryllium and Beryllium Oxide

Reference: Studies in Radiation Effects, Series A Physical and Chemical Volume 1
Date: 1966

Key Words: Beryllium, Be, irradiation swelling, helium, tritium, mechanical properties
Summary

This source provides a general discussion of Be and the effect of irradiation on the material.
Irradiation swelling and the effect of irradiation on mechanical properties are discussed.
Computed helium and tritium quantities are given for various doses. The nucleation and growth
of the helium bubbles are also discussed in reference to swelling. Predicted swelling curves
versus helium bubble diameter are calculated at 873K. A summary of available irradiation data
is also included for various fluences and temperatures.
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Author: Moons, F.
Title: Beryllium Characterization: Tensile Tests on Neutron Irradiated and Reference
Beryllium

Reference: SCK CEN Progress Report FT/Mol/96-03 ITER Task 23 — OSTI ID 615166
Date: 1996

Key Words: Beryllium, Be, neutron irradiation, tensile properties

Summary

This report is a study of the irradiation embrittlement characteristics of Be grades manufactured
by Brush Wellman (S-65, S-65H, S-200F and S-200FH). Three batches of Be were tested: a
neutron irradiated group, a thermal control group and a reference group. Testing of the Be
specimens consisted of swelling determination by immersion density, tensile testing, fracture
toughness, helium and tritium analysis and microstructural examinations. Test procedures and
specimen drawings are included with the raw data.

Author: Scaffidi-Argentina, F., G.R. Longhurst, V. Shestakov and H. Kawamura
Title: Beryilium R&D for Fusion Applications

Reference: Fusion Engineering and Design Volume 51-52 pp 23-41

Date: 2000

Key Words: Beryllium, Be, thermal properties, mechanical properties, irradiation swelling,
design correlations
Summary
This paper represents a database of unirradiated material property correlations for Be in both
plasma facing material and neutron multiplication for fusion applications. Thermal and physical
properties discussed include: density, vapor pressure, specific heat, thermal conductivity and
thermal expansion. Mechanical properties discussed include elastic modulus, yield strength and
ultimate tensile strength. Limited creep data is also included. Neutron irradiation swelling is
discussed in addition to helium and tritium generation. The correlations given are fits to the data
referenced and in many cases the actual data is not given. However, this source does provide a
good overview of unirradiated Be properties and the effects of irradiation on Be.

Author: Snead, L.L. and A.T. Nelson

Title: Candidate Materials for Space Reactor Shielding Applications
Reference: ORNL/LTR/NR-PROM 1/05-15

Date: July 2005

Key Words: Beryllium, Be, material properties, irradiation swelling
Summary

This is a comprehensive summary report for beryllium containing materials and their use in
nuclear applications. This report includes a summary of Be processing (vacuum hot pressed
and hot isostatic pressed grades) and the current Be commercial infrastructure. Mechanical and
thermal properties, both unirradiated and irradiated, are reported for Be with emphasis on the
low ductility resulting from irradiation. Design conclusions for Be are included for various
irradiation conditions. Additionally, there is a discussion of Be safety and a comparison of
modern grades of Be to historical grades and the difference in impurity content.
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2.0 Beryllium Oxide (BeO)

Author: Busboom, H.

Title: Material Properties for Beryllium Oxide (BeO)
Reference: GE Specification 23A3186

Date: 1989

Key Words: Beryllium Oxide, BeO, beryllia, material properties, irradiation swelling, SP-100
Summary

BeO was considered as a potential reflector material at the high temperatures envisioned for
SP-100 design. This document represents a compilation of material properties for BeO including
general information, physical, mechanical and thermal properties. Design curves are given for
unirradiated BeO. Much of the data used to generate the equations was obtained from the
Thermophysical Propeties of Matter series. Additionally, radiation induced swelling of BeQO is
summarized with a set of equations. Overall, there is little discussion of the data used and the
primary focus of the document is to provide recommended equations for various material
properties.

Author: Collins, G.

Title: Radiation Effects in BeO

Reference: Journal of Nuclear Materials, Volume 14 pp 69-86

Date: 1964

Key Words: Beryllium Oxide, BeQ, beryllia, irradiation swelling, grain size, helium bubble
Summary

Irradiation swelling data of BeO for neutron irradiation dosages up to 1.5x10%' n/cm? (E21 MeV)
is reported at temperatures from 100° - 1200°C. BeO of various grain sizes (5-100 pm) and
grades (AOX and UOX grade BeO powder) were used in the experiments. Maximum swelling
observed was approximately 6%. The data presented represents a large portion of the swelling
data available and is the basis for swelling correlations. A detailed discussion of the kinetics of
volume expansion in BeO is included. Additionally, there are limited discussions on the effect of
irradiation on other material properties including thermal expansion, elastic constants and
strength.

Author: Gurau, B.

Title: Trip Report — Brush Ceramic Products, Discuss Possible Sample Fabrication to
Support Irradiation Testing

Reference: KAPL Letter SM-7232-0003

Date: June 2005

Key Words: Beryllium Oxide, BeO, beryllia, Brush Ceramic Products, Brush Wellman, ESH

Summary

This trip report provides a summary of the Be/BeO health and safety controls in place at Brush

Ceramic Products (BCP). It includes OSHA, DOE and Brush Wellman airborne control limits for

Be/BeO particulate. Additionally, there is a discussion about Brush Weliman and Brush

Ceramics. BCP's two main grades of BeO (Thermalox 995 and BW-1000) are described with

respect to grain size and processing methods and limitations. Plans for fabricating the JOYO

test specimens were included along with other processing ideas to reduce the grain size of the

BeO (i.e. HIP'ing and rate controlled sintering).

PRE-DECISIONAL - For Planning and Discussion Purposes Only




Page 6 Enclosure (4) to
MDOQO-723-0046/
B-MT(SPME)-23

Author: Hickman, B.S.

Title: Radiation Effects in Beryllium and Beryllium Oxide

Reference: Studies in Radiation Effects, Series A Physical and Chemical Volume 1

Date: 1966

Key Words: Beryllium Oxide, BeO, beryllia, material properties, irradiation swelling, thermal
conductivity

Summary

This source provides a general discussion of BeO and the effect of irradiation on the material.

This includes a summary of low temperature (373K) irradiation thermal conductivity studies and

predictions for high temperature irradiations (673 — 1073K). High temperature thermal

conductivity predictions are reported with reference to the onset of microcracking in the material.

Irradiation swelling of BeO is examined and Hickman presents an alternate kinetic rate equation

similar to Collins (1964). Prediction curves for swelling at 373 — 1073K are provided for a range

of flux and fluence conditions including a discussion of defects and defect structure.

Author: Hickman, B.S. and AW. Pryor

Title: The Effect of Neutron Irradiation on Beryllium Oxide

Reference: Journal of Nuclear Materials, Volume 14 pp 96-110

Date: 1964

Key Words: Beryllium Oxide, BeO, beryllia, defect structure, thermal conductivity, irradiation
swelling

Summary

Neutron irradiation test results are reported to doses of 1.4x10%' n/cm? (E>1MeV) at
ternperatures 348 - 973K for polycrystalline BeQO. Various processing methods were used (hot
pressing and cold pressing) to produce a range of grain sizes and densities. Information on the
defect structure of BeO is reviewed and related to the observed property changes. Irradiation
induced cracking and powdering of BeQ due to irradiation is reviewed and related to the grain
size of the starting material. Irradiation swelling is examined and an alternate kinetic rate
equation is presented, similar to Collins {(1964). Predictions for irradiation swelling and irradiated
thermal conductivity of BeO are also included.

Author: Keilholtz, G.W., J.E. Lee Jr. and R.E. Moore

Title: Irradiation Damage to Sintered Beryllium Oxide as a Function of Fast-Neutron
Dose and Flux at 110, 650 and 1100°C

Reference: Nuclear Science and Engineering Volume 26 pp 329-338

Date: 1966

Key Words: Beryllium Oxide, BeQ, beryllia, irradiation swelling, microcracking, powdering

Summary

This is a summary of an irradiation test program for BeO with a primary objective of establishing

the limits of stability of sintered BeQ of various grain sizes and densities toward fast neutrons

and determination of the mechanisms of damage. Specimens were irradiated at 383, 923 and

1373K to fast neutron doses up to 4.7x10%' n/cm® (E>1 MeV). Both long and short term

irradiations were performed to determine the effect of flux on irradiation damage (i.e. swelling).

BeO specimens had varying densities (2.7 — 2.95 g/cm®) and grain sizes (17 = 74pm). A

summary of the gross damage to BeC specimens irradiated at various temperatures, fluxes and

fluences is included and identifies fracturing and powdering limits of the samples tested.
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Author: Nash, J. M. and R. Lewis

Title: Beryllium Oxide and Beryllium Irradiation Data and JOYO Reflector Material Test
Plan Summary (U), For Information

Reference: KAPL Letter SM-7231-0009

Date: 2005

Key Words: Beryllium Oxide, BeO, beryllia, thermal conductivity, compressive strength,
irradiation swelling, JOYQO, Beryllium, Be

Summary

This document presents information on past irradiation testing of BeO and the planned testing of

BeO in the JOYO test reactor. The JOYO test matrix is included for the BeO specimens.

Samples were selected to test irradiation swelling, thermal conductivity and compressive

strength. A brief discussion is included on each of the parameters that effect irradiation swelling

(grain size, temperature, fluence, flux and theoretical density). Predicted irradiation swelling

curves for the JOYO BeO specimens and the predicted Prometheus operating conditions are

given in relation to the existing data. Additionally, there is a brief discussion of beryllium (Be)

and the existing irradiated material database.

Author: Nash, J. M.
Title: Trip Report - Brush Ceramic Products, Discuss Cleaning, Handling and

Packaging Procedures for BeO Specimens
Reference: KAPL Letter SM-7232-0004

Date: 2005

Key Words: Beryllium Oxide, BeO, beryllia, Brush Ceramic Products, Brush Wellman, ESH,
JOYO

Summary

This trip report to Brush Ceramic Products (BCP) summarizes the post machining process for
samples planned for irradiation in the JOYO test reactor (i.e. cleaning, bakeout, contamination
testing and packaging). Handling concerns of BeO specimens at Naval Reactors Prime
Contractor Team (NRPCT) facilities resulted in a detailed plan for the cleaning and packaging of
BeO specimens at BCP prior to shipment. Surface contamination limits from DOE and KAPL
were discussed. The NRPCT identified a loose BeO surface contamination limit of 0.25
pg/100cm?. Both wet and dry swipe testing were discussed as a method of detecting loose BeO
contamination.

Author: Paxton, D. M.

Title: Irradiation and Examination of Beryllium Oxide Pellets from the SP-100 Special
Purpose Materials Test

Reference: WHC-SP-1007

Date: 1993

Key Words: Beryllium Oxide, BeQ, beryllia, SPM test, SP-100, neutron irradiation

Summary

Multiple types of specimens were irradiated as part of the Special Purpose Materials (SPM) test

in the Experimental Breeder Reactor-ll (EBR-II) to obtain the irradiation effects on materials in

support of the design of SP-100 components. As part of the SPM test, BeO pellets were

irradiated at low (0.8x10% nfcm?) and high (6.0x10% nfcm?) fluence. irradiation temperatures

ranged from 1200 to 1800K and a total of 40 BeQ specimens were irradiated. Two densities of

BeO pellets were tested, 85% and 95% theoretical density. However, irradiated data was limited
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due to the fact that only 4 of the BeO pellets designated for post irradiation examination were
recovered from the sample holders.

Author: Plumlee, E

Title: BeO Performance Lessons Learned, SP-100 Program

Reference: Martin Marietta Report DOE/SF/16006-T1216

Date: 1994

Key Words: Beryllium Oxide, BeO, beryllia, irradiation swelling, swelling correlation, SPM
test, SP-100

Summary

This report documents what were considered the major lessons learned with respect to BeO
performance during the SP-100 program. Lessons learned included BeO performance data
established in previous literature and new data generated as part of the SP-100 program. The
general irradiation behavior of BeO is summarized with reference to prior testing. Correlations
are included to predict the irradiation swelling of BeO based on temperature, flux and fluence.
These correlations are somewhat limited in that they are based on data covering a narrow range
of fluxes and fluences at limited temperatures (373, 873 and 1273K). The data generated from
the Special Purpose Materials (SPM) test and future test data requirements are summarized
(only four of the irradiated BeO specimens were recovered).

Author: Snead, L.L. and A.T. Nelson

Title: Candidate Materials for Space Reactor Shielding Applications
Reference: ORNLU/LTR/NR-PROM 1/05-15

Date: July 2005

Key Words: Beryllium Oxide, BeQ, beryllia, material properties, processing
Summary

A comprehensive summary report for beryllium containing materials and their use in nuclear
applications. This report includes a summary of BeO processing and the current BeO
commercial infrastructure. Mechanical and thermal properties, both unirradiated and irradiated,
are reported for BeO. Design conclusions for BeO are included for various irradiation conditions
and identify that complete material property test data is required for BeQ irradiated >1x10%
n/cm? (E>0.1 MeV).
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