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Abstract

This letter provides updated refiector and shield preliminary material property information to
support reactor design efforts. The information provided herein supersedes the applicabie portions
of Revision 1 to the Space Power Program Preliminary Reactor Design Basis (Reference (a)). This
letter partially answers the request in Reference (b) to provide unirradiated and irradiated material
properties for beryllium, beryliium oxide, isotopically enriched boron carbide (''8,C) and lithium
hydride. With the exception of 'B,C, the information is provided in Attachments 1 and 2. At the
time of issuance of this document, ''BsC had not been studied.

Background .

Reference (a) 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. These
sizing studies and comparisons were used to support the recommendation for a gas cocied
reactor. With the selection of a gas cooled reactor, the project transitioned to pre-conceptual
design studies to further define the geometry and identify preferred reflector and shield materials.
Reference (b) requested updated material properties and guidance for use in the pre-conceptual
design process. In particular, Reference (b) requested the following properties for beryilium (Be),
beryllium oxide (BeQ), and lithium hydride {LiH) reflector and shield materials:
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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

irradiation swelfing

& & 9 % & S & & & @

Discussion

Attachments 1 and 2 to this letter provide material properties for reflector and shield materials,
respectively. These documents provide the available information requested in Reference (b)
together with a discussion of data sources, with the exception of ''B,C, which is not addressed
herein.

The attachments include data for reflector materials Be and BeO as well as shielding materials LiH
and Be. A significant amount of literature review and analysis was performed as part of this effort.
To the extent possible, the available data, NRPCT-recommended equations, and competing
equations were provided. However, more work remains to be done, both in terms of literature
review and analysis to identify further data, and further testing to generate new data. For instance,
the following properties are not included due to lack of information:

o Ultimate tensile strength of BeO. There is limited data on the tensile properties of BeQ.
{Attachment 1, Section 1.2.8) _ 6
Yield strength of LiH. No data is available at the current time. (Attachment 2, Section 1.1.8)
Poisson’s ratio of LiH. No data is available at the current time. (Attachment 2, Section
1.1.10)

Since the majority of the data presented in Attachments 1 and 2 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 1 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
may be required to validate these equations and relationships.

BeO has been studied on and off for several decades, however most of the testing was on different
grades of BeO that are no longer commercially available. This is significant since the iradiated
material performance of BeQ (specifically swelling) has been shown to be sensitive to grain size
and processing techniques (Reference (cj and Section 1.2.13 of Attachment 1). Prior to close-out
of the project, technical approval was sought to test a current form of BeQ in the JOYO test reactor
in Reference (d) and approved by Reference (e). For the reflector application, the most uncertain
BeO irradiated properties include thermal conductivity, swelling and compressive strength.

Irradiated material properties for commercially available grades of Be are available in the literature.

Prior to close-out, there was no testing planned for Be. Further efforts are necessary to identify .
gaps in the irradiated material property data where limited testing may be required. However,

irradiated material property testing of Be should not be considered a high priority.
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Prior to close-out of the project, technical approval was sought to fabricate lithium hydride
specimens for shield materials testing in Reference (f) and approved by Reference (g). The primary
goal of this testing was to determine the swelling properties of LiH, however other properties would
be tested as well. Additionally, the NRPCT is investigating the applicability of quantum mechanical
modeling and its ability to help in the understanding of swelling mechanisms. These results will be
included in Reference (h), the shield materials portion of the close out report. Both testing and
analysis were intended to reduce the uncertainty associated with the use of lithium hydride.

Conclusion

Reflector and shield material properties for Prometheus project pre-conceptual design efforts are
provided in Attachments 1 and 2, respectively. The information has not been validated and is not
sufficient to support final reactor design. Equations and correlations presented herein are not
considered to be a final design basis. Both the refiector and shield attachments were
independently reviewed, which included review of the calculations, methods used, and technical

content.

Future Work

Revisions to the attachments will be necessary as further data is obtained. This data will allow for
the quantification of measurement uncertainty and result in better characterized confidence
intervals, as well as validation of the recommended equations. Lessons learned from future testing
can be applied to determine what if any measurement uncertainty is applicable to previously
gathered data.

Concurrence
This letter has the concurrence of the Bettis Manager of Space Plant Materials (Ohlinger), and the
KAPL Manager of Space Materials (Simonson).

Very 'i'ruly Yours,

JamesAlash, Ergineer Barri Gurau, Engineer

Fuel and Shield Technology Fuel and Shield Technology
Space Materials, KAPL Space Materials, KAPL
Approved,

Brian Cardpbell, Manager
Fuel and Shield Technology
Space Materials, KAPL
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1.0 Reflector Materials

All data was plotted with Microsoft Excel and JMP, statistical analysis software (SAS Institute). JMP
was used to fit data using the ieast squares method. Residual plots were examined {o 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 1.1.a). 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 individuai
measurements. Results from future test programs are required to quantify the measurement
uncertainty.

1.1 Beryllium (Be)

Many different industrial grades of Be are available (Brush Weliman, 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. $-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 S-65 and S-65H material has a maximum BeQ content of 1% while the S-200 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 1.1.b and 1.1.c. Generally, Be is not recommended as a
structural material for radiation environments due to loss of ductility at relatively low fluences
{References 1.1.d and 1.1.e). Ductility and elongation are not presented here in, but could be studied
if later needed.

1.1.1 Composition

Table 1.1.1 gives the composition of §-65 structural grade beryllium from Reference 1.1.f (Brush
Weliman).

Tabie 1.1.1: $-65 Beryflium Composition (Brush Wellman)

Element
(max unless otherwise stated) wi'h
Be (min %) 899
BeQ 1.0
Al 0.08
C 0.10
Fe 0.08
Mg 0.06
Si 0.06
Other metallic impurities 0.04

1.1.2 Melting Temperature and Maximum Use Temperature
The melting temperature of beryllium is (Reference 1.1.g):

T,

mell

=1558 +10 K
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For structural application in a radiation environment, the maximum use temperature is 823K. Above
873K embrittlement and reduction in strength are limiting factors (section 1.1.8 and 1.1.10).

1.1.3 Density
From Scaffidi-Argentina (Reference 1.1.b) 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=1.823-6.933x10"° . (T = 273) - 1.514x10" (T - 273)°

where
p = density, glem®
T = temperature, K

Dombroski (Reference 1.1.¢) includes a data table of the variation in density of S-65 grade beryliium
(Brush Wellman) with temperature (Table 1.1.2). Figure 1.1.1 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 1.1.1.

For the density of Be, the equation given by Scaffidi-Argentina (Reference 1.1.b) is recommended.

Table 1.1.2: Density data for Be

Scaffidi-Argentina | 5-65 Dombrowski
(20600) {1985}

T {K) Density {(g/cc) Density {gl/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

608 1.798 1.797 .
673 1.793 1.791

737 1.788 1,785

816 1.781 1777

892 1.774 1.769
973 1.767 1.76
1127 1.753 1.742
1269 1.739 1.725
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Figure 1.1.1: Density of Be

1.1.4 Thermal Conductivity

1.1.4.1 Unirradiated 6

From Scaffidi-Argentina (Reference 1.1.b) the unirradiated, thermal conductivity of Be is given by the
following curve for the temperature range 293K <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 (Reference1.1.h) also proposed an equation for the thermal conductivity of Be based on data
from various grades of Be up to 873K. 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=| 22 |.(291-0.48015-7 +4.2602x10™ - 7% ~1.4914x107 - T*)
143.7p

where

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

T = temperature, K
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Dombroski (Reference 1.1.¢) 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 1.1.3) for $-65 grade Be from Reference 1.1.c and the predicted values
from the equations given in Reference 1.1.b and Reference 1.1.g assurning zero porosity are plotted
in Figure 1.1.2. At temperatures between 400 ~ 973K, little variation is observed between the three
sources.

For the thermal conductivity of Be, the equation given by Bilione {Reference 1.1.h) is recommended.
This curve is recommended because it accounts for the porosity of the material (0-50% range). This
curve is given for T <873K.

200

Billone

R * + §-85Dombrowski - - - - Scaffidi-Argentina
180 -

160
140 -
120

100

BO Tt e

60“ s

Thermal Conductivity (W/m-K)

40 A

i

20

0 T H T i v T v E v H v .
273 473 673 873 1073 1273 1473

Temperature {K)
Figure 1.1.2: Thermal Conductivity of Be
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Table 1.1.3: Thermai Conductivity Data for Be
Scaffidi-Argentina

5.65 Dombrowski (1995) {2000) Billone {1995)
Thermal Conductivity T(K) Wim-K Wim-K

T (K) (Wim-K) 273 189.8 188.6
324 187.3 373 165.3 163.4
412 152.3 473 145 3 143.4
456 143.8 573 1281 127.7
515 133.8 873 1186.3 1164
564 128.8 773 106.0 105.5
609 125.2 873 97.88 97.28
673 116.6 973 91.17 89.76
737 110.4 1073 85.29

816 101.8 1173 79.66

892 96.1 1273 73.65

973 884 1373 66.67

1127 758 1473 58.10

1269 638 1573 47.35

1.1.4.2 irradiated

The irradiated thermal properties, including thermal conductivity, have been studied for beryilium.
Snead and Barabash (References 1.1.i and 1.1.j) summarize the neutron irradiation data for S-65 and
S-200F Brush Wellman beryllium grades. Snead (Reference 1.1.i) 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
1.1.i) showed that the effect of radiation on the thermal conductivity of $-65 Be at ~1x10%' nfem?
(E>0.1 MeV) and approximately 573K was within the ~4% ex?erimental error of the unirradiated
value. For S-200F Be irradiated to fluences of 4.5x10%° n/cm? (E>1MeV) at 473K, the thermal
conductivity decreased approximately 5% (Reference 1.1.j}. At this time there is no recommended
equation for irradiated thermal conductivity of Be.

1.1.5 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 1.1.b), there is little difference (less than a few percent) observed for polycrystalline,
isotropic sintered Be parts {S-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 S-
200FH) are more isotropic.

1.1.5.1 Unirradiated Linear Expansion
Billone (Reference 1.1.h) reports the foliowing equation, plotted in Figure 1.1.3, developed for the

percent change in length (AL/L,) of Be based on data up to 1558K. The unirradiated percent change
in length (AL/L,) is given by: .
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%If- =8.43x10™ - (1+1.36x107 . T —=3.53x107 . T*) - (T ~298)
[}
where
AL/ = change in length from 288K, percent
T = temperature, K
1.2
% Linear 14
T{K) Expansion
298 0
TR
373 0.092 5
473 0.231 g
573 0.386 X8
673 0.555 g
£ o4
773 0.737 g
873 0.930
973 113 02 1
g . T : -
273 33 473 573 673 T3 873 973 1073

Temperature {K)
Figure 1.1.3: Linear Expansion of Be with Data Table Included

1.1.5.2 Unirradiated Instantaneous Coefficient of Thermal Expansion

From Scaffidi-Argentina (Reference 1.1.b), for the temperature range 293K <T <1473K the
unirradiated instantaneous coefficient of thermal expansion () is given by the following equation.

a, =10.8+0.022- (T -273) ~1.35x10 (T - 273)" +3.45x107 - (T -273)’

where

a, = instantaneous coefficient of thermal expansion, 10° K
T = temperature, K and the reference temperature is 293K

1.1.5.3 Unirradiated Mean Coefficient of Thermal Expansion

From Scaffidi-Argentina (Reference 1.1.b}, for the temperature range 293K < T < 1473K the
unirradiated mean coefficient of thermal expansion {an) is given by:

a, =11.04+0.0109 (T ~273) ~4.474x107 (T - 273)° +8.631x107"° - (T - 273)’

where

am = mean coefficient of thermal expansion, 10° K™
T = temperature, K and the reference temperature is 283K
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Figure 1.1.4 includes the instantanecus coefficient of thermal expansion (a;) and the mean coefficient .
of thermal expansion (o) as determined by Scaffidi-Argentina (Reference 1.1.b) for all grades of Be,

and the mean thermal expansion coefficient as determined by Dombrowski (Reference 1.1.¢) for S-65

Be containing 0.9% BeO. The values are tabulated in Table 1.1.4.

For the mean coefficient of thermal expansion of Be, the equation given by Scaffidi-Argentina
(Reference 1.1.b) is recommended.

30

- - Msan - - [nstantaneous —~— $-85 Dombrowski

[~
R
i

N
o
2

=Y
wn
1

Expansion Coefficient (108;‘K)
=

L]
!

273 473 673 873 1073 1273 1473
Temperature (K)

Figure 1,1.4: Mean and Instantaneous Thermal Expansion Coefficient of Be

Table 1.1.4: Mean and Instantaneous Thermal Expansion Data for Be

Scatfidi-Argentina (2000)

instantaneous mean

565 Dombrowski (1995) T(K) CTE (107K | CTE (10°yK
T (K} CTE {(10°)K 273 10.80 11.04
270 1132 373 12.87 12.10
381 12.58 473 14.69 13.07
524 14.00 573 16.28 13.96
607 14.66 673 17.66 14.78
688 1514 773 18.86 15.53
755 1542 873 19.69 16.22
952 16.10 973 20.77 16.85
1130 16.61 1073 21.53 17.42
1173 22.18 17.95
1273 22.75 18.43
1373 23.26 18.88
1473 2372 19.29
1573 24.16 19.68
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1.1.5.4 Irradiated

From Reference 1.1.b it is expected that the coefficient of thermal expansion in isotropic Be grades is
not affected by neutron irradiation.

1.1.6 Specific Heat
1.1.6.1 Unirradiated

From Scaffidi-Argentina (Reference 1.1.b), 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 (5-65 Brush Wellman Be). The equation is valid for 283 <T <1558K.

C, =1741.8+3.3358 (T —273)-3.1125x10" (T -~ 273)* +1.2748x107° - (7 - 273)°

where
C, = specific heat, Jkg-K
T = temperature, K

Billone (Reference 1.1.h) 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 1.1.c) includes a data table of the variation in specific heat of S-65 grade Be
with temperature. Figure 1.1.5 is of the tabular data, given in Table 1.1.5, for $-65 Be from Reference
1.1.c and the predicted values from the equations given in Reference 1.1.a and Reference 1.1.h for
the unirradiated specific heat of Be. Some variation is observed between Reference 1.1.2 and 1.1.h
at lower temperatures (T<573K).

For the specific heat of Be, the equation given by Scaffidi-Argentina (Reference 1.1.b} is
recommended.
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- = Billone
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473 673
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Figure 1.1.5: Specific Heat of Be

Table 1.1.5: Specific Heat Data for Be

1473 1673

Scaffidi-Argentina

565 Dombrowski (1995) {2000) Biflone (1995)
T (K) Cp (Jkg-K) TIK) Cp (J/kg-K) Cp (Jkg-K)
324 1005 293 1807 2445
412 2240 373 2046 2496
456 2344 473 2295 2561
515 2441 573 2497 2625
564 2529 873 2660 2688
609 2613 773 2791 2753
673 2667 873 2838 2818
737 2734 973 2989 2882
816 2780 1073 3071
892 2860 1173 3152
973 2939 1273 3240
1127 3086 1373 3342
1269 3220 1473 3466

1550 3581

1.1.6.2 Irradiated

Scaffidi-Argentina (Reference 1.1.b) reports minimal effects on the specific heat of irradiated Be. It
was also reported that the specific heat remains fairly independent of the Be grade. Atthis timeitis
assumed that the specific heat of Be will remain independent of irradiation.
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1.1.7 Modulus of Elasticity
1.1.7.1 Unirradiated
Variation in the elastic modulus of S-65 Be with temperature is given by Dombrowski (Reference

1.1.c) over the temperature range 273K <T <1273K, shown in Figure 1.1.6. Based on the limited
data points reporied, no equation is given at this time.

ES Y H
L 4
Young's 300 + . .
Modulus
T{K) {GPa) py
273 310 .
473 300 ® 200 1
673 280 Q j
w189 -
873 230 ;
1073 97 100 - . }
1273 48 i
50 4 Y E
|
o . . ‘ : . ; . }
273 473 673 873 1073 1273
Temperature (K}

Figure 1.1.6: Elastic Moduius of Be with Data Table Included.

1.1.7.2 irradiated

Hickman (Reference 1.1.e) 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
Rickman). 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.

1.1.8 Tensile Yield Strength

1.1.8.1 Unirradiated

Multiple references have reported on the unirradiated tensile yield strength of Be (References 1.1.d,
1.1k, 1.1.1and 1.1.m). The below equations are based on data from unirradiated VHP (5-65 and S-
200F Brush Wellman) and HIP (S-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 Figures 1.1.7 and 1.1.8
below in section 1.1.8.2).

VHP Y§ =-0.2574-T +350.1
HIP Y§=-0.3289-T+449.3

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

1.1.8.2 Irradiated

Irradiation effects on the tensile yield strength of multiple grades of Be (S-65, S-65H, S-200F and S-
200FH) have been studied by many references (References 1.1.d, 1.1k, 1.1.1 and 1.1.m) 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 fluence range
of 0.75 — 2.45x10%' nfem?® (E>1 MeV). The plot of irradiated and unirradiated tensile yield strength
data for multiple grades of Be is also shown below (Figure 1.1.7 and 1.1.8). 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,g) reactions and therefore at higher temperatures He embritttement becomes a concern
{corresponding to 0.5 Trew). All high temperature irradiated data (T :823K) was excluded from the
regression analysis. Additionally, Moons (Reference 1.1.d) 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 1.1.d, 1.1k, 1.1.1and 1.1.m were from samples
tested at the irradiation temperature. The equations exhibit a good fit for 293 — 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 YS,;; = irradiated tensile yield strength of HIP Be, MPa
T = temperature, K

The unirradiated and irradiated tensile yield strength of Be is plotted in Figure 1.1.7 for VHP and HIP
grades are plotted in Figure 1.1.8. 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 vyield strength for fluences
betow 0.75x10%" nfem? (E>1MeV). '
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Temperature (K)

Fluences 0.75 — 2.45x102! nfcm? (E>1 MeV)

Figure 1.1.7: Irradiated and Unirradiated Tensile Yield Strength of VHP Be
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Figure 1.1.8: irradiated and Unirradiated Tensile Yield Strength of HIP Be

1.1.9 Emissivity
Reference 1.1.g reports the emissivity of Be for T < Ty,
e=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).

1.1.10 Ultimate Tensile Strength
1.1.101 Unirradiated
Multiple references have reported on the unirradiated ultimate tensile strength of Be (References .

1.1.d, 1.1k 1.1.land 1.1.m). The below equations are based on data from unirradiated VHP (S-65
and S-200F Brush Wellman) and HIP (S-65H and S-200FH Brush Wellman) Be grades. In general,
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HIP grade Be exhibits a higher ultimate tensile strength than VHP grade Be. These equations are
based on data in the temperature range 293K <T <923K (See Figures 1.1.9 and 1.1.10 below in
section 1.1.10.2).

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

1.1.10.2 Irradiated

Irradiation effects on the ultimate tensile strength of multiple grades of Be (8-65, S-65H, S-200F and
S-200FH) have been studied by many references (References 1.1.d, 1.1k, 1.1.t and 1.1.m).
Irradiated Be exhibits a siightly higher uitimate 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/fcm? (E>1 MeV). The plot of iradiated and unirradiated ultimate tensile strength
data for multiple grades of Be are shown in Figure 1.1.9 and Figure 1.1.10. Neutron iradiation
studies have observed that above 823K the strength of iradiated 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 concemn
(corresponding to 0.5 Trer). All high temperature irradiated data (T z823K) was excluded from the
regression analysis. Additionally, Moons (Reference 1.1.d} 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 1.1.d, 1.1.k, 1.1.1 and 1.1.m were from samples
tested at the irradiation temperature. The eguations exhibit a good fit for 283 — 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 1.1.9: Irradiated and Unirradiated Ultimate Tensile Strength of VHP Be
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Figure 1.1.10: Irradiated and Unirradiated Ultimate Tensile Strength of HIP Be

1.1.11 Poisson's Ratio

Dombrowski (Reference 1.1.¢) gives a table (Table 1.1.6) 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 S-65 grade Be.

Table 1.1.6: Poisson Ratio Data for $-200F Be

Orientation Stress Axis Direction of Orthogonal Poisson’s Ratio
Strain
LC Longitudinal Circumferential 0.102
0.064
0.072
LR Longitudinal Radial 0.102
0.080
0.105
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Orientation Stress Axis Direction of Orthogonal Poisson’s Ratio 5.
Strain
TL Transverse Longitudinal 0.069
0.071
0.108
TR Transverse Radial 0.102
0.058
0.066

Scaffidi-Argentina {Reference 1.1.b) reported that Poisson’s ratio ranges between 0.01 —0.13 (0.07
+/- 0.06) while Billone (Reference 1.1.h) reported Poisson’s ratio at room temperature to be 0.08 +/-
0.02. Reference 1.1.a 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.

1.1.12 lrradiation Swelling
As described by Scaffidi-Argentina and Gelles (References 1.1.b and 1.1.n), 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:

°Be + n - ®Be + 2n (threshold energy 2.7 MeV)

’Be — 2 “He

°Be + n > *He + *He (threshold energy 1.4MeV)
®He - °Li
®Li + n— *He + °H (primarily thermal neutrons)

Swelling is considered an important irradiation effect. The He formed by the transmutation reactions
is responsible for swelling at high fluences and high temperatures. Gelles (Reference 1.1.n)
determined that minimum swelling at high temperatures occurred in Be grades with the smallest grain
size and highest BeQ 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 1.1.0) in an attempt to characterize the behavior of the material in solid breeder blanket
applications. It was established by Scaffidi-Argentina {Reference 1.1.b) 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 1.1.0), using this and other constitutive relationships for Be
(surface tension, grain boundary energy, self-diffusion, He diffusion, vapar 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 1.1.0 illustrates how the ANFIBE code has shown agreement with a variety of experimental
data. Experimental data ranges from 2.1-50 x 102" nfem? (E>1MeV) from 300-973K. Experimental
data was obtained from S-65 and S-200F beryllium irradiated in the EBR-II (fast reactor), BR2 (fast
reactor) and the ATR (PWR reactor). Swelling predictions from the ANFIBE model were reported by
Dalie Donne to fluences of 25x10%" nfem? (E>1MeV) and temperatures of 973K. Dalle Donne
{Reference 1.1.0) presented a comparison of the ANFIBE calculated swelling versus experimental
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swelling shown for a range of data (Figure 1.1.11). Additionally, the ANFIBE predictions for swelling
at 0.5-10 x 10%' nfcm? (E>1MeV) over the temperature range of 273-973K are shown in Figure 1.1.12.

Efforts continue to develop the ANFIBE code, providing greater capability and confidence in the model
(References 1.1.b and 1.1.p). 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 swelling data

4
Yemperature Range of the Data
3.5 1 * 373K
& 523K - 723K
3 .
- A 973K
g 2.5 A 1:1 . 7
= e Model Prediction Dl )
H B
o 2 o\ -
- o0 e p/ * .
bl 1\{\6 L -
5 °|nc'° e .
o ) - FL
o 1.5 K
@ - * 4%
= - 00_,/"/
. AR
Fluences 2.1 - 50 x 10
o5 ey Y n/em? (E>1 MeV)
5 b -
0 SR - ‘ . ‘ S .
0 05 1 1.5 2 25 3 3.5

Calculated Swelling (%)

Figure 1.1.11: Measured Be Swelling Data Versus the ANFIBE Calculated Swelling
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Figure 1.1.12: Predicted Be Swelling Based on ANFIBE Code
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1.2 Beryllium Oxide (BeO)

1.2.1 Composition

Table 1.2.1 gives a typical composition of Thermalox 995 BeO {Brush Ceramic Products Reference
1.2.a).
Table 1.2.1: Composition of Thermatox 995 BeQ

Thermalox 995 BeQ
Element (max unless wt%
otherwise stated)
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 Thermalox 995 as sintering aids.

1.2.2 Melting Temperature and Maximum Use Temperature

The melting temperature of beryllium oxide is (Reference 1.2.b}:

T

i

|, =2843 £30K
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A practical maximum use temperature (unirradiated) is approximately 2300K (Reference 1.2.b). ’

Irradiation may affect other properties (thermai conductivity and compressive strength) and lower this
maximum use temperature.

1.2.3 Density

Busboom (Reference 1.2.b) reported the room temperature (298K), theoretical density of BeQ is
3.010 glem®. The actual BeO density is calculated by:

Pacuat = 1D (1= P)

where
TD = theoretical density
P = volume fraction porosity

1.2.4 Thermal Conductivity
1.2.4.1 Unirradiated

Data given from Reference 1.2.c for the temperature range 273K <T <2300K is shown in Figure
1.2.1. 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 — 2.97 g/cm® {86 — 99%
TD). From Figure 1.2.1 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 1.2.d). The effect of porosity is not accounted for in the following equation. 6

k=831x10°.-T7%

where
k = thermal conductivity, W/m-K
T = temperature, K
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Figure 1.2.1: Thermal Conductivity of BeO

1.2.4.2 Irradiated

Low temperature (350 — 373K) thermal conductivity studies by Pryor (Reference 1.2.e) reported a
reduction in BeQ thermal conductivity at doses as low as 2x10" n/cm?(E>1MeV). Pryor (Reference
1.2.e) 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 sweiling discussion). Hickman (Reference 1.2.f)
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 1.2.f on currently available grades of BeO at higher temperatures and fluences.

Snead (Reference 1.2.9) 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/em? (E>0.1MeV).

Touloukian {Reference 1.2.¢) provided limited irradiation data for BeO irradiated at 8.6x10'¢, 2x10%°
and 3.7x10% n/cm? (E>1MeV) over the narrow temperature range of 330 — 560K. Figure 1.2.2
ilustrates the degradation in the thermal conductivity of BeQ, similar to the trends in Reference 1.2.f.

Due to limited thermal conductivity data for currently available grades of BeO 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 1.2.2; Irradiated Thermal Conductivity of BeO Compared to Curve Fit in Figure 1.2.1

1.2.5 Thermal Expansion
1.2.5.1 Unirradiated Linear Expansion

Data compiled by Touloukian (Reference 1.2.h) over the temperature range 293K <T <2300K is
shown in Figure 1.2.3. From the data it is observed that there is no correlation between changes in
the density of BeO and linear expansion (Figure 1.2.3). The unirradiated percent change in length
(AL/Ly) 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/cm®.

%L— =1.69x1077 -T% +6.65x107" - T - 0.229

(4

where
Al/Lg = change in length from 293K, percent
T = temperature, K
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1.2.5.2 Unirradiated Instantaneous Coefficient of Thermal Expansion (CTE)

Temperature {K)

Figure 1.2.3: Linear Expansion of BeQ

From Reference 1.2.b for the temperature range 293K =T <2300K the unirradiated instantaneous

coefficient of thermal expansion (a;) is given by:

a, = 4.433x107° +6.552x107° . T ~8.262x1072 . T2

where

o, = instantaneous linear coefficient of thermal expansion, K™

T = temperature,

K

1.2.5.3 Unirradiated Mean Coefficient of Thermal Expansion (CTE)

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

AL

L,

% =100 (T-T,)

where

am = mean linear coefficient of thermal expansion, K
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AL/L, = change in length, perdent (section 1.2.5.1) .
T = temperature, K
T, = average reference temperature

Data from Touloukian (Reference 1.2.h) for the finear expansion (AL/Ly) 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
1.2.4, around 473K appears reasonable based on the single data point at 289 K {curve 53, Reference
1.2.h]. The reference temperature used to calculate the mean CTE of the curve 53 point is 79 K.

1.500E-05

1.400E-05

1.200E-05 -

1.000E-05

CTE

8.000E-06

6.000E-06 -

4.000E-06

— Mean

i
%
s

2,000E-06 | = = = |nstantaneous
.,9*'&% © Curve 53 CTE at 209K
[-Y -

0.000Es00 O — g —_— U
273 573 873 1173 1473 1773 2073 2373
Temperature {K)

Figure 1.2.4: Mean and Instantaneous Coefficient of Thermal Expansion of BeQO

The recommended equation over the range 353K <T <2300K for the mean CTE of BeQ is given by:

_ (1692107 -T* + 6.65x10 . T~ 0.229)
100 (T - 299)

mean

where

Omean = Mean coefficient of thermal expansion
T = temperature, K
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1.2.5.4 Irradiated

It is expected that the coefficient of thermal expansion is not affected by irradiation. Coliins
(Reference 1.2.i) reported no change (+/-5%) in the coefficient of thermal expansion for BeD
irradiated at 373K. Additionally, Walker (Reference 1.2.j) reported no change (+/- 0.02%} in the
coefficient of thermal expansion of BeO irradiated to 0.65x10%' nfem? (E>1MeV) at 923 — 963K.
1.2.6 Specific Heat

1.2,6.1 Unirradiated

From Reference 1.2.k (Table 1.2.2 and Figure 1.2.5) for the temperature range 298K <T =<2820K the
unirradiated specific heat of BeO is given by the following equation:

C, =3.61x107" .77 —1.69x107 - 7% +2.87-7 +418

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

Table 1.2.2: Data Reported in Figure 1.2.5 for Specific Heat of BeO

Curve Number Specifications and Remarks
2 99.9 BeQ, with impurities of Al, Ni, Cu, Zn, Ag, Fe and Ti; pressed and
sintered at 1673 —~ 2073K.
3 No description of sample given.
4 99.96 BeO, 0.01 Si, 0.007 Al, 0.002 Na, 0.001 Cs, 0.001 Fe, <0.001Ca,

<0.001 Cu, <0.00005 Li, <0.00005 Mg; supplied by Norton Co.; pressed,
fired at 2073K and sintered.

5 99.5 BeO, 0.0090 si, 0.0050 Al, 0.0020 Mo, 0.0010 Ca, 0.0010 Cr, 00010
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 gfem®.

6 Sample supplied by Zirconium Corp. of America; crushed in hardened steel
mortar to pass 100-mesh screen; pressed and sintered; density at 298K
before exposure: apparent density (ASTM method B311-58) 2.93 g/om®, true
density (by immersion in xylene) 3.00 g/cm®.
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Figure 1.2.5: Specific Heat of BeO

1.2.6.2 Irradiated

Hickman (Reference 1.2.1) reported no measurable change in enthalpy of irradiated BeO at 573K,

2373

873K and 1173K after removing the effects due to stored energy. Measurements of stored energy in
irradiated BeQ samples indicate a significant amount of energy is stored at high fluences. However,
the stored energy has minimal effecis on the specific heat of irradiated BeO at or below the irradiation

temperature,
1.2.7 Modulus of Elasticity

1.2.7.1 Unirradiated

From Reference 1.2.b the elastic modulus (Figure 1.2.6) is given over two temperature ranges with

porosity ranging from 0 — 30% for BeQ by the following:

For 208K < T < 800K
E=3447-805.7-P

For 800K < T < 1500K

E =(344.7-805.7- P)-(1.31-1.75x10" - T + 2.82x10°° - 7> -1.39x10° - T*)

where
E = modulus of elasticity, GPa
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. P = volume fraction porosity, 0 < P < 0.3
T = temperature, K
T | E(GPa) Modulus of Elasticity for BeO (85%TD)
300 304.4 250 |
400 304.4
500 304.4 300 -
600 304.4
700 304.4 T 20
i 3044 % 200 -
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1000 2998
1100 286.4 50
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1400 171.3 Temperature (K) -
. 1500 99.43

Figure 1.2.6; Elastic Modulus of 95% Theocretical Density BeO with Data Table included

1.2.7.2 Irradiated

The modulus of elasticity remains independent of irradiation effects. Using resonance frequency
methods, Coliins (Reference 1.2.i) reported a small decrease in the elastic modulus of BeQO as a
function of irradiation dose, which is consistent with the decrease in density to the point at which
microcracking occurred. The elastic modulus of samples that experienced microcracking could not be
determined. Generally, variations in the elastic modulus are related to temperature as shown in
section 1.2.7.1.

1.2.8 Compressive Strength
1.2.8.1 Unirradiated

From Reference 1.2.b (Figure 1.2.7) the compressive strength for BeO over the temperature range
203K =T =1500K and porosity range of 0 ~ 30% is given by the following:

C =(1585-3273-P)-(1.232-8.284x107 - T +1.142x107 - T7)

. where
C = compressive strength, MPa
P = volume fraction porosity, 0 <P < 0.3
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T = temperature, K

T(K) CS (MPa)
293 1420
400 1306
500 1203
600 1103
700 1006
800 913
900 823
1000 736
1100 652
1200 572
1300 495
1400 421
7500 350

Compressive Strength (MPa)
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Figure 1.2.7: Compressive Strength of 95% Theoretical Density BeD with Data Table Included

1.2.8.2 Irradiated

There is limited data on irradiated compressive strength of BeO. Elston and Labbe (Reference 1.2.m)
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'® nfem? (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 swelling).

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

1.2.9 Tensile Yield Strength

The compressive strength of BeO is given above in section 1.2.8. There is limited data on the tensile

properties of BeO due to the brittle nature of ceramics.

1.2.10 Emissivity

From Reference 1.2.b the emissivity is given over thfee temperature ranges for BeO by the following

equations. These equations fit the data presented by Touloukian (Reference 1.2.n) as shown in

Figure 1.2.8.

For 300K < T < 800K

e=0.2

For 800K < T < 2200K
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£=-0235+6.65x10" - T -1.51x107 .77

For2200<«T
=05

where
€ = emissivity
T = temperature, K
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Figure 1.2.8: Emissivity of BeO

1.2.11 Ultimate Tensile Strength

The compressive strength of BeO is given above in section 1.2.8. There is limited data on the tensile
properties of BeO due to the brittle nature of ceramics.

1.2.12 Poisson's Ratio

From Reference 1.2.b the best estimate for Poisson’s ratio is 0.3 for 298K to 1400K. 1t is expected
that Poisson’s ratio for BeO will remain independent of irradiation effects, similar to the elastic

modulus.

1.2.13 Irradiation Swelling

Several factors are believed to influence the swelling behavior of BeO exposed to neutron irradiation,
primarily grain size, temperature, fluence, fiux and density. Plumlee (Reference 1.2.0) reported
expressions based on lattice defects (AV/Vp), microcracking. (AV/Vyc) and helium bubble formation
(AV/V4e) to predict the swelling of BeO. The grain size, temperature, fluence, flux and density affect
these swelling mechanisms and are summarized in the table below. It should be noted that these
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equations have been developed with relatively limited data, flux range (0.65 ~ 3.2x10™ nfcm?-s) .
(E>1MeV) and fine grain size (5 —~ 20 microns) BeQ.

AV _AV AV AV
I/!amf VD VMC VH

¢

where

AVIV = total volume expansion fraction

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

AVIV. = volume expansion fraction due to helium bubble formation

Collins {(Reference 1.2.i) 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 K paiy K g
VD Am Az’

where

K=3.3x10%2-F

F = neutron flux, nfcm?-s (E>1MeV)
A, = 8.1x105 g 10300RT

A| =01 136-221001RT

R = gas constant = 1,987 cal/mol-K
T = temperature, K

t = time, sec

Based on Reference 1.2.b and 1.2.0, the predicted volume expansion due to microcracking, AV/Vyc
(grain boundary separation), is described by the following equation when AV 2AV/Vireshoir.  THIS
equation accounts for the fact that microcracking does notinitiate untit AVAVp 2AV/Vpeshod-

AV V
if — < A then A _ 0
VD Vzhreskald MC
AV AV
if —2 then —éK—ES.'?xlO'”(Fr—-f)
VD Vrbrahold ] VMC
where

AV ¢ = volume expansion due to microcracking
AVIV, = volume expansion due to lattice defects
AV/Viresnais = microcracking threshoid

F = neutron flux, nicm?-s (E>1MeV)

t = time, sec
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f = microcracking fluence threshold where AV/Vp = AV/Vireshai

For BeO there is a microcracking threshold {AV/Viyesnae) @t which microcracking initiates for a given
temperature. When the swelling due to lattice defects (AV/Vy) is greater than the microcracking
threshold (AV/Vyesnoig), Microcracking initiates and contributes to the total swelling. The following
equation for the microcracking threshold illustrates that microcracking is a function of irradiation
temperature.

AY o 216x107 46276107 T

threshold

where
AV Vivesnoa = microcracking threshold
T = temperature, K

Plumlee (Reference 1.2.0) 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 BeQ above
1173K. Helium bubbles first form at grain boundaries and later with increasing fluence, bubbles begin
to form within the grains. Reference 1.2.0 states that He bubble size and density increase with
increasing grain size. Helium release from BeO and volume expansion due to He bubbles are difficuit
to correlate. It was reported in Reference 1.2.0 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/Vy,} the following equation was proposed, accounting for the
theoretical density of the BeQ. This equation is based on limited data and more effort is required 1o
verify the theory. This equation assumes that the volume expansion due to He bubble formation
varies linearly between 86% and 96% theoretical density (Reference 1.2.0).

AV 4405107 (0.036D - 2.456)Ft

He

where )
F = neutron flux, nfcm?-s (E>1MeV)
t = time, sec

D = percent of theoretical density

1.2.13.1 Grain Size Effect on Swelling

Previous irradiation testing results (Reference 1.2.0) have shown that grain size is a key factor
influencing swelling; however the functionality is not known. Testing in Reference 1.2.f has fotused
on BeO with fine grain sizes (~5 microns) and limited testing of materials with grain size up to 100
microns. Plumlee (Reference 1.2.0) demonstrated that larger grain sizes decreased the threshold
fluence at which microcracking of BeO occurred near room temperature irradiation. Figure 1.2.9
shows the neutron dose required to produce microcracking during irradiation at 323 - 373K as a
function of grain size. Increased microcracking resuits in increased swelling. It should be noted that
this figure is valid only at lower temperatures (~373K).
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Figure 1.2.9: Neutron Dose Required to Produce Microcracking in BeO

1.2.13.2 Temperature Effect on Swelling

Figure 1.2.10 from Piumlee (Reference 1.2.0) presents data from fine grain size (nominally Sum,
96%TD) BeQ at 373K, 873K and 1273K and the model described in section 1.2.13. Itis 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 BeQ 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 BeQ above 1173K.
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Figure 1.2,10: Irradiation Swelling of BeD with Predicted Curves from Plumlee (Reference 1.2.0)

1.2.13.3 Fluence Effect on Swelling

From Figure 1.2.10 above (section 1.2.13.2), Plumlee (Reference 1.2.0) reports that as the fluence
increases, the swelling in BeO also increases. At lower temperatures {T<873K) increased fluence
leads to increased anisotropic sweliing 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.

1.213.4 Fiux Effect on Swelling

in the definition of volume expansion due to lattice defects (AV/Vp), Collins {(Reference 1.2.i) 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™ nfcm*-sec (E>1MeV). Therefore, the correlation given for volume
expansion due to lattice defects (AV/Vp) (section 1.2.13), 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. ltis not clear if the correlation is
valid over a broader range than initially defined. Additionally, the extent to which flux affects swelling
at constant fluence, needs to be confirmed with experimental data. Data from future BeO irradiation
testing is required to refine the correlation and better predict swelling over a larger flux range.
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1.2.13.5 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 accommodate helium bubble formation, or an increased ability to
release helium outside the BeQ volume. Plumlee (Reference 1.2.0) 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 hefium bubbles
begin to form and become a significant mechanism contributing to swelling in BeO above 1173K. Itis
‘expected that for lower temperature applications (T<873K), there may be little advantage to using
sub-dense BeO.

1.213.6 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%' nicm?).
Predictions assumed the same flux level used in Reference 1.2.0, 2.3x10™ nfcm?%-s (E>1MeV).
Results of these extrapolations yielded results which do not appear to be reasonable based on the
limited amount of data. 1t should be noted that in the literature reviewed, no swelling above ~6% has
been observed, however some irradiated samples have disintegrated to powder (Reference 1.2.p).
Future testing is required to validate these predictions over a range of fluxes, fluences, temperatures
and BeQ grain sizes.

Table 1.2.3 summarizes how the various parameters (grain size, temperature, fluence, flux and

density) influence the swelling of BeO. References for each parameter are also given. 6
Table 1.2.3: Key Parameters that Effect Irradiation Swelling of BeO
Parameter Result Reference
increasing Grain Size Increased Swelling 1.2f
1.2
1.2.0
Increasing Temperature (at fixed fluence) Decreased Swelling 1.2f
1.2.
1.2.0
increasing Fluence (at fixed temperature) Increased Swelling 1.2f
1.2.
1.2.0
Increasing Fiux Increased Swelling 1.2f
{based on correlation) 1.2.
1.2.p
Increasing % Theoretical density increased Swelling (due 1.2.0
to He bubble retention)
T>1173K

1.2.14 References
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1.0 Shield Materials ' .

All data was plotted with Microsoft Excel and 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 1.1.a). 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. Results from future test programs will be necessary to quantify the measurement
uncertainty.

1.1 Lithium Hydride (LiH)

The following properties are for natural lithium hydride (~7.6% Lia. 92.4% Li") (Reference 1.1.b).
1.1.1 Composition

Table 1.1.1 gives the typical composition of LiH as described in Referenée 1.1.h. ltis recognized that

the typical composition adds up to greater than 100%. However, these are the values reported for as
procured material from the Union Carbide Nuclear Company, Y-12 Plant, Oak Ridge, Tennessee.

Table 1.1.1: Composition of LiH as Given by Weich

Element Typical | Mimum | Maximum
Li 86.6 85.5 -
H 12.4 12.0 -
o 1.0 : 25
COS 0.75 - 1.5
Cl 0.05 - 0.1
Na (ppm) 100 R 300
Ba (ppm) 30 : 80
Ca (ppm) 40 - 200
Cr (ppm) 6 ; 3
Co (ppm) 40 : 80
Fe (ppm) 500 ; 1500
K {ppm) 100 - 300

1.1.2 Melting Temperature and Maximum Use Temperature

The melting temperature of lithium hydride is 861K, given by the phase diagram from References
1.1.eand 1.1.h.

T, =961 K

For a high dose region, the SP-100 project limited the use of LiH to a temperature range of 600-800K
to prevent unacceptable swelling (Reference 1.1.¢). The unacceptable swelling was observed in
several gamma irradiation tests, all of which were not in the dose range of Prometheus. .
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The operating temperature range for LiH is bounded at
the upper end by Tner — Offset, shown on the phase
diagram (Figure 1.1.1). SP-100 set the upper
temperature limit at 800K (Reference 1.1.¢), but the basis
for this limit has not been verified by the NRPCT. The
lower temperature limit is a function of the environment
and design. At this time the lower temperature limit has
not been set, and in fact, having no minimum
temperature is the most desirable case. In SP-100, 600K
was set as the lower temperature limit because
recombination of radiclytically decomposed LiH is very
fast, resulting in near zero swelling at far higher dose
rates than those under consideration for Prometheus
shields. However, the SP-100 lower temperature limit of
600K would possibly require incorporation of heaters in
the Prometheus shield, which introduces cost, complexity
and reliability concerns. A lower temperature limit for the
Prometheus shield LiH will be a trade off between the
amount of swelling that is allowable in the design, and the
swelling characteristics of the LiH due to environmental
conditions (temperature, dose and dose rates). The
composition of the LiH is also believed to be a factor.

The design space for LiH use has yet to be defined.

1.1.3 Density
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Figure 1.1.1 Phase Diagram for LiH

The density correlation for LiH given by below is generated using linear regression of data fram
References 1.1.d and 1.1.e. A sharp decrease in density, related to the change in slope is observed
at the melting temperature of LiH (961K). Individual confidence bands (95%) are also shown in Figure
1.1.2. The raw data points are given in Table 1.1.2. The equations are valid for 298 -1233K.

For T =961K
p=-13x10"-T+0.82

T > 961K
p=-2.6x10" T +0.815

where

p = density, gicm®
T = temperature, K
R? =0.995
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Density (g/cm™3)

LiH Density
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Figure 1.1.2: Density of LiH

Table 1.1.2: Data for Density of LiH

T (K) Density | Source
298 0.78 NASA
473 0.76 NASA
673 0.73 NASA
798 0.72 NASA
873 0.71 NASA
961 0.69 NASA
951 0.58 NASA
473 0.55 NASA
1023 0.55 NASA
1073 0.54 NASA
1123 0.53 NASA
1173 0.52 NASA

1223 0.49 NASA
298 0.78 Muelier
473 0.76 Mueller
673 0.73 Mueller
798 0.72 Mueller
873 0.71 Mueller
961 0.69 Muelier
973 0.55 Mueller
1223 0.49 Mueller

1200
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1.1.4 Thermal Conductivity

LiH has a high specific heat but low thermal conductivity. Therefore, the regions at elevated
temperatures tend to sustain the temperature. The following correlation is given by a power fit of
thermal conductivity data (Figure 1.1.3) and correlations given by References 1.1.d and 1.1.f for LiH.
The equation is valid for 200-861K.

k =456.31-1%"

where
k = thermal conductivity, Wim-K
T = temperature, K

R®=0.993
Thermal
T{K} | Conductivity|] Source
(Wim-K)
335 7.31 NASA
374 6.50 NASA
445 592 NASA
E09 5.56 NASA | _ 12
539 5.37 NASA | ¥ 44 . . 3 * NASA
577 5.07 NASA | E o NRL
625 473 NASA | 2 10 - x : x ORNL - LisLiH
681 4.50 NASA | > o
722 4.36 NASA | S
786 4.09 NASA | £ 8-
200 11.06 NRL 3
300 7.88 NRL 'g 7 1
400 6.29 NRL
500 5.33 NRL % 6
600 4.69 NRL E 5-
700 424 NRL H
800 3.90 NRC | £ 4]
900 3.63 NRL 3 , : : , ;
961 3.50 NRL
— TR 0 200 400 600 800 1000 1200
375 9.94 ORNL Temperature (K)
400 8.99 ORNL
438 7.79 ORNL
450 7.28 ORNL
475 7.01 ORNL
500 6.60 ORNL
550 593 ORNL
600 557 ORNL

Figure 1.1.3: Thermal Conductivity of LiH with Tabular Data Included

Figure 1.1.3 displays thermal conductivity data for LiH + 2% Li {(Reference 1.1.g). The additional Li
increases the thermal conductivity by adding additional free electrons. Since at elevated temperatures
conducting electrons are the dominant method of energy transpont, the difference between Lik and
LiH + 2% Li decreases as temperature increases.
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1.1.5 Specific Heat .

NASA (Reference 1.1.d) uses Lang's data obtained using a drap calorimeter to measure enthaipy to
fit a specific heat curve. The specific heat curve, adjusted to metric units, valid for 208-838 K is given
in Figure 1.1.4.

C, =6.01-T +2013.7

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

Terry (Reference 1.1.f) of the Naval Research Laboratory used the superposition of the acoustic and
optical lattice vibrations to determine the heat capacity of LiH, which is valid above 298 K.

5

C, =b,+».b,(I~280)" m b
=t 0 27.08
1 0.109
2 | -2.80x107
where 3 475x 107
C, = molar specific heat, J/mol-K 4 204 x 1070
m = index 5| 560x107

b = coefficients for molar specific heat
T = {emperature, K

10000
T(K) | Cp(J/kg-K} | Source ]

311 3882 NASA

422 4550 NASA vl 8000

533 5218 NASA k)

644 5886 NASA S so00 -

755 6554 NASA = ‘.

839 7055 NASA 2

298 3643 Terry & 4000 -

300 3668 Terry B —_

200 4643 Terry ‘§- ——Totry |

500 5276 Terry 2000 -

600 5789 Terry | 7T o NASA

700 5333 Tery

800 6996 Terry 0 ; ; ' = i

960 7815 Termy 0 200 400 600 800 1000

Tamperature {K)
Figure 1.1.4: Specific Heat of LiH with Tabutar Data included

Since the primary mode of energy transport in LiH is through lattice vibration and Terry's fundamental
specific heat curve exhibits similar trend and values as the 1958 drop calorimeter measurements

made by Lang, the equation presented by Terry, which has a greater range of applicability is the

preferred specific heat curve. .

For the specific heat of LiH, the curve given by Terry (Reference 1.1.f) is recommended.
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1.1.6 Thermal Expansion

Mel'nikova (Reference 1.1.j) calculated the coefficient of thermal expansion and lattice constant of
natural lithium hydride (as well as isotopic compositions) using a quasi-harmonic approximation. This
equation assumes that the Grineisen constant is independent of temperature, volume, and isotopic
composition, which lithium hydride satisfies fairly well (Reference 1.1.j).

a(T)=1.1837-10" ¢ (T)

where
a(T ) =coefficient of linear expansion of crystalline lithium hydride

¢, = molar specific heat (J/mol-K)

The calculation is accurate to within 2% of the experimental data used to verify the equation (Zalkin
Reference 1.1.k), which is single crystal x-ray diffraction data.

Mel'nikova presents the results of his equation using the Zalkin data, which is presented in Figure
1.1.5. The fundamentally derived thermal expansion is valid from 0K to the melting point; however, it
was validated for temperatures 298-798K. For comparison, the Mel'nikova equation is evaluated using
both the Terry (Reference 1.1.f) and NASA (Reference 1.1.d) specific heat equations presented in
section 1.1.5. The uncertainty associated with the Mel'nikova equation increases based on the
uncertainty associated with the specific heat used to evaluate the equation.

Using the Terry equation for specific heat (Section 1.1.5) with the Mel'nikova equation above, is the
preferred equation for the thermal expansion coefficient of LiH. The Mel'nikova derivation can be used
for all temperatures with increasing uncertainty at temperatures greater than 798K.

Equation Equation Thermal Expansion Coefficient of LiH
Nel'nikova {Yerry) {Nasa)

Temp a o a 0

K 0K | M0t UK | 107 1K 80

100 7.5 556 .

150 18 8.34 ¥ 70

200 22.5 19.3 by

750 284 27.9 o 80
298.15 343 34.3 =y

300 346 34.5 35.9 5

350 38.7 397 387 % 40

400 437 43.7 41,6 -4

450 469 46.9 44,4 =30 4

500 49.6 496 a7.2 = ¢+ Melnkoa
550 52.1 52.1 50 | £ 97 e Equation(Terry)|

54.5 545 52.9 g ) i

g 56.9 56.9 557 = 07 . =2 - -Equation(Nasa);
700 59.5 50.6 58.5 0 -

750 62.5 62.5 61.4

800 65.8 65.8 64.2 10 e . P R e I
B850 69.4 69.5 0 200 400 600 800 1000 1200
. —— Tomparature (9

985 79.2 79.3

Figure 1,1.5: Thermal Expansion Coefficient of LiH with Tabular Data Included
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1.1.7 Modulus of Elasticity

Lundberg {Reference 1.1.1) published data for the Young’s Modulus of LiH in flowing helium. The
moduli were calculated from a rough stress-strain plot obtained by plotting the crosshead maotion
versus the load on the sample. Due to the systematic error associated with the strain measurement
techniques, according to Lundberg, “the absolute values are probably not too accurate (Reference
1.1.1)." A power law equation can be fit using least squares fitting techniques, given in Figure 1.1.6.
The equation is valid for 339 — 689K. ‘

E =6.516x10" 751

where
E = Young's Modulus, MPa
T = temperature, K

Young's 8000
Temperature Modulus
K MPa 7000 R
339 3654 .
339 6826 B 6000 oo :
339 6205 £ . ‘
339 5702 3 5000 — (R —
539 285.4 ) § :
535 -~ é 4000
539 2985 £ 3000
539 — £
555 167.5 2 2000
689 87.56
689 208.2 1000
689 . 206.2
689 765.5 0 = \ , : . :
¢ 100 200 300 400 500 600 700 80C

Temperature (K)

Figure 1.1.6; Elastic Modulus of LiH with Tabular Data Included

Welch states that the average Young's modulus for cold-pressed and sintered LiH at room
temperature is 7.24x10* MPa (10.5x10° psi) (Reference 1.1.h). Young's modulus decreases by an
order of magnitude over the temperature range of the data. The large decrease in elasticity occurs at
approximately 435 K. At approximately 435 K a liquid alpha phase appears in the solid fithium hydride.
The presence of the liquid phase causes the material to become weaker and less resistant to
deformation when under stress. The NRPCT has not verified this.

Since the modulus is strongly dependent on the strain rate at elevated temperatures, LiH does not
behave elastically {(Reference 1.1.h). Stress-strain rate curves are given in Section 1.1.9 that
demonstrate the non-linearity of the stress-strain rate relationship.

Therefore, the recommended equation for the Young’s Modulus of LiH is the power law equation
given above.
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1148 Yield Strength
Data for the yield strength of LiH has not been located.
1.1.9 Ultimate Tensile Strength

Weich (Reference 1.1.h) demonstrated the ultimate tensile strength of cold-pressed and sintered LiH
is a function of strain rate (Figure 1.1.7). The tests were ultimately tested in static helium atmosphere.
Originally, the tests at elevated temperature were attempted in a vacuum, but the extensometer
consistently slipped off the samples. The stress-strain rate plot (below) shows that the LiH does not
obey Hooke's law to the fracture point. Therefore, LiH is not truly a brittle material.

g e TRy gy l Y Emamad o ¥ ¥ 1
M
- —
644 K |
E S V;_"E/"’/ .
e i
2 I 3 _
¢ L 728 K /
A o ,.———'"'/’ .
% M“"“ : n
£ ! i
5 i ]
%

P :
- I e

Strain Rate {in/in/min)

i

Figure 1.1.7: Uitimate Tensile Strength Curves of LiH from Welch

The ultimate tensile strength as a function of temperature and strain rate for Li is given in Table
1.1.3 below. From the data it is observed that LiH is not that strain rate sensitive.

Tabie 1.1.3: Ultimate Tensile Strength Data for LiH

strain rate
T {K) UTS (MPa) | infin/min
533 13.72 0.00057
533 13.21 0.00057
644 572 0.00057
644 L] 0.00057
728 2.43 0.00057
728 1.71 0.00057
728 1.63 0.00057
728 2,73 0.00057
533 15.31 0.0057
533 15.38 0.0057
644 8 0.0057
644 8.2 0.06057
728 3.35 0.0057
533 1407 0.00143
533 L) 0.00143
533 17.78 0.0143
533 17.37 0.0143
298 17.47 0.001
2898 19.55 0.001
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The NRPCT cannot recommend an equation for ultimate tensile strength of LiH, more data is .
necessary to reach a conclusion.

1.4.10 Poisson’s Ratio
Data for the Poisson’s ratio of LiM has not been located.

1.1.11 Irradiation Swelling

1.1.1.1. Gamma Irradiation

Disney {Reference 1.1.i) reported gamma irradiation swelling of 25% at 500K for a dose of 14.7 Grad:
Dose was ~ 15X of what was expected on Prometheus (nominally 1 Grad), and dose rate was
~1500X of expected (15E6 Rad/hr versus 1E4 Rad/hr). in the 400 fo 500K temperature range, lower
doses produced lower swelling, e.g., ~2% at 0.5 Grad at ~500K, or ~8% at 1 Grad at ~500K. Although
1 Grad is the currently predicted max gamma dose for the Prometheus shield, the dose rate was still
far in excess of prototypical, as shown in Figure 1.1.8. Given that the gamma-induced swelling is
expected to be a rate balance between ionization and thermal recombination, dose rate is a key
variable to understand. Reference 1.1.i showed that decreasing dose rate resulted in reduced
sweiling, however, the lowest dose rate tested (~1E6 Rad/hr) was still far above expected. At SP-100
proposed temperature range of >600K, prior gamma testing reported <0.2% swelling regardiess of
dose and dose rate (up to 717K) (Reference 1.1.1).

- @

Swaliing, %
3
2
8
—2
£

10 -
] ——
oo
e oS
i 0.1 1 10 100
Gws] (] cosre e g
» - .
Projected Promestheus Duta

expasure rate

Figure 1.1.8: LiH Swelling Due to Gamma {rradiation

seen by a shield for a 200 MW, Prometheus reactor. Table 1.1.4 summarizes the previous LiH

Early gamma irradiation testing of LiH produced results not prototypic of the doses or temperatures .
irradiation experiment conditions and the expected Prometheus conditions.
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Table 1.1.4: Summary of Gamma irradiation Swelling of LiH
Prometheus | intended Prior Irradiation Programs Ranges &
Shieid NRPCT Example Results
Target | Testing Co-60 gamma GTRR gamma
Range
Temperatures | 600 - 800 300 - 450 500 600 | 450 ; 500 i 600
(K) 850
Dose Rates .003t0.02 |.001t0 .1 15 125 34 | 34
(Mega
Rad/hr)
Doses (G 03to2 Atobd 102(05105/35] 28 25
rad} Grad
Fast Flux 1ebtoleil | 1eblo
(nfem?2/s) 1el1
Fast Fluence 5e14 to 1et4d to
(nfcm2) 5e18 1e1d
Swelling % <2 Key 04| ~2 | ~21121~1681 7 10 | <0.2
Metric
1.1.1.2. Neutron

The NRPCT is currently evaluating data from the earlier space nuclear power programs. Refer to
Reference 1.1.0 for information regarding LiH performance in a neutron environment.
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1.1.b. Baum, Edward M. et al. 2002. Nuclides and Isotopes, Sixteenth Edition. Lockheed
Martin.
1.1.c. Y-12 Document dated February 2004. “Identification and Analysis of SP-100 Reactor

Shield Information, Fabrication Considerations and Resource Assessment of Space Reactor
Shielding.”

1.1.d. NASA Technical Memorandum, X-483, "Compilation of the Properties of Lithium
Hydride", Roger L.. Smith and James W. Miser, Lewis Research Center, Cleveland, OH,
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Lithium Hydride Debris Shields for Plasma Radiation Studies.

1.1.g. ORNL Document, ORNL/TM-12766, dated September 1994. “The Effect of Gamma
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1.1.h.
Technology: I. Properties of Lithium Hydride and Corrosion Studies.
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Induced Swelling of Lithium Hydride Shield Materials,” Westinghouse Electric Corporation,
February 25, 1993.
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and Its Isotopic Modifications in a Crystalline State”, High Temperature. 18,2:250-256.
1.1.k. Zalkin, A. 1953. USAEC Report URCI1.-4238.
1.1.L Atomics International Document NAA-SR-MEMO-7991. Lundberg, L.B. 1962.
Mechanical Properties of LiH Part | — Compression Tests,
I.lm LANL Document, LA-2463. Frank Pretzel et. al. August 24, 1961. Radiation Effects on
Lithium Hydride.
1.1, Atomics International Document NAA-SR-9400 Volume IIl. Frank H. Welch. 1973.
Lithium Hydride Technology: Ili. Properties of Lithium Hydride For SNAP Shielding
Applications.
1.1.0. KAPL Document MDO-723-0048, “The evaluation of lithium hydride for use in a space
nuclear reactor shield, including a historical perspective, For Information (U)", to be issued

1.2 Beryllium (Be)

Many different industrial grades of Be are available (Brush Wellman, Elmore, OH). Data for the
structural grades of Be (5-65, $-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-65H material has a maximum BeO content of 1% while the S-200 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 1.2.b and 1.2.c. Generally, Be is not recommended as a
structural material for radiation environments due to loss of ductility at relatively low fluences
{References 1.2.d and 1.2.e). Ductility and elongation are not presented here in, but could be studied
if later needed.

1.2.1 Composition

Table 1.2.1 gives the composition of $-65 structural grade beryllium from Reference 1.2.f (Brush
Wellman).

Table 1.2.1; §-65 Beryllium Composition {Brush Wellman)

Element
(max unless otherwise stated) wt%
Be {(min %) 99
BeO 1.0
Al 0.06
C 0.10
Fe 0.08
Mg 0.06
‘ Si 0.06
Other metallic impurities 0.04

1.2.2 Melting Temperature and Maximum Use Temperature

The melting temperature of beryllium is (Reference 1.2.g):
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T

meit

=1558 +10 K

For structural application in a radiation environment, the maximum use temperature is 823K. Above
873K embrittiement and reduction in strength are limiting factors (section 1.2.8 and 1.2.10).

1.2.3 Density

From Scaffidi-Argentina (Reference 1.2.b) 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=1823-6.933x10"° (T -273)-1.514x10"% . (T - 273)*

where

p = density, glem®

T = temperature, K

Dombroski {Reference 1.2.c) includes a data table of the variation in density of S-85 grade beryllium
(Brush Weliman) with temperature (Table 1.2.2). Figure 1.1.1 shows some slight variation {+/-0.02) is
observed at higher temperatures because the egquation was fit to data from industrially available Be
grades and the tabular data is only for S-65 grade Be, shown in Figure 1.2.1.

For the density of Be, the equation given by Scaffidi-Argentina (Reference 1.2.b) is recommended.

Tabie 1.2.2: Density data for Be

Scaffidi-Argentina | 5-65 Dombrowski
{2000) {1995)
T (K) Density {g/cc) Density (g/fcc)
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
673 1,793 1,791
737 1,788 1.785
816 1.781 1.777
892 1.774 1.769
973 1.767 1.76
1127 1.753 1.742
1269 1,739 1725

PRE-DECISIONAL - For planning and discussion purposes only




Page 14 Attachment 2 to
MDO-723-0042

T| = 8-65 Dombrowski - - - - Scaffidi-Argentina

Density (g/cm’)

273 473 673 873 1073 1273 1473
Temperature (K)
Figure 1.2.1; Density of Be

1.2.4 Thermal Conductivity
1.2.4.1 Unirradiated

From Scaffidi-Argentina (Reference 1.2.b) the unirradiated, thermal conductivity of Be is given by the
following curve for the temperature range 293K <T <1500K.

k =189.8-0.2694- (T —273) +2.543x10™ - (T = 273)* ~1.010x10"7 - (T~ 273)°

where
k = thermal conductivity, Wim-K
T = temperature, K

Billone (Reference1.2.h) 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=| =22 1.(201- 048015 T +4.2602:10" - T* 1491410~ .T*)
143.7p

where

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

T = temperature, K
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Dombroski {(Reference 1.2.¢) includes a data table of the variation in thermal conductivity of 5-65
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 5-65 grade Be.

The tabulated data (Table 1.2.3) for 5-65 grade Be from Reference 1.2.c and the predicted values
from the equations given in Reference 1.2.b and Reference 1.2.g assuming zero porasity are plotted
in Figure 1.2.2. 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 1.2.h) is recommended.
This curve is recommended because it accounts for the porosity of the material (0-50% range). This
curve is given for T <873K.

200
R, ¢ S$-65Dombrowski - - - - Scaffidi-Argentina

;
Billone |
!

i

180

i

160

140

120

i

100 -

80 - -

!

*
¥

'

60 "4

Thermal Conductivity (Wim-K)

20

A

273 473 673 873 1073 1273 1473

Temperature (K)

Figure 1.2.2: Thermal Conductivity of Be

PRE-DECISIONAL - For planning and discussion purposes only




Page 16 : Attachment 2 {o

MDO-723-0042
Table 1.2.3: Thermal Conductivity Data for Be
- Scaffidi-Argentina

S-65 Dombrowski (1993 (2000) Billone (1995)

Therma! Conductivity T(K) WIm-K Wim-K
T (K) (Wim-K) 273 180.8 1886
324 187.3 373 165.3 1634
412 152.3 473 1453 7434
456 143.8 573 3291 127.7
315 133.8 673 116.3 115.4
564 1288 773 106.0 105.5
609 1252 873 37.88 97.08
673 116.6 973 9117 20.76
737 1104 1073 55.29
816 101.8 7173 76.66
892 961 1573 73.65
973 88.4 1373 66.67
1127 758 1473 58.10
1269 638 1573 47.35

1.2.4.2 Irradiated

The irradiated thermal properties, including thermal conductivity, have been studied for beryllium.
Snead and Barabash (References 1.2.i and 1.2.j) summarize the neutron irradiation data for S-65 and
S-200F Brush Wellman beryllium grades. Snead (Reference 1.2.i) 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
1.2.i) showed that the effect of radiation on the thermal conductivity of S-65 Be at ~1x10%" nfem?
(E>0.1 MeV) and approximately 573K was within the ~4% eerrlmental error of the unirradiated
value. For S-200F Be irradiated to fluences of 4.5x10%° n/cm?* (E>1MeV) at 473K, the themal
conductivity decreased approximately 5% (Reference 1.2.j). At this time there is no recommended
equation for irradiated thermal conductivity of Be.

1.2.5 Thermal Expansion

it should be noted that due 1o the anisotropic nature of the hexagonal iattice, some amount of
anisotropy is expected in thermal expansion. However, as described by Scaffidi-Argentina
(Reference 1.2.b), there is little difference (less than a few percent) observed for polycrystalline,
isotropic sintered Be parts {S-65 Brush Weliman grade Be). Extruded grades of Be may exhibit 15~
20% differences in the longitudinal and transverse thermal expansmn while HIP Be (S-65H and S-
200FH) are more isotropic.

- 1.2.5.1 Unirradiated Linear Expansion
Billone (Reference 1.2.h) reports the following equation, plotted in Figure 1.2.3, developed for the

percent change in length (AL/L,) of Be based on data up to 1558K. The unirradiated percent change
in length (AL/L,) is given by: , .
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. % =8.43x107* - (1+1.36x107° - T ~3.53x1077 - Ty (T - 298)
0

where
AL/, = change in length from 298K, percent
T = temperature, K

1.2
!
% Linear 1 4
T{K} Expansion
2908 0 £,
373 0.092 g
473 0.231 §
573 0.386 X8
673 0.555 5
E 0.4 4
773 0.737 3
873 0.930
973 1.13 8.2 1
. 273 373 473 573 673 713 873 973 1073

Temperature (K)
Figure 1.2.3: Linear Expansion of Be with Data Tabie included
1.2.5.2 Unirradiated instantaneous Coefficient of Thermal Expansion

From Scaffidi-Argentina (Reference 1.2.b), for the temperature range 293K <T <1473K the
unirradiated instantaneous coefficient of thermal expansion (a)) is given by the following equation.

@, =10.8+0.022- (T -273) -1.35x107 - (T = 273)* +3.45x10™ .(T - 273)°

where

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

T = temperature, K and the reference temperature is 203K
1.2.5.3 Unirradiated Mean Coefficient of Thermal Expansion

From Scaffidi-Argentina (Reference 1.2.b), for the temperature range 293K < T < 1473K the
unirradiated mean coefficient of thermal expansion (ar,) is given by:

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

. where

a. = mean coefficient of thermal expansion, 10° K"
T = temperature, K and the reference temperature is 283K
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Figure 1.2.4 includes the instantaneous coefficient of thermal expansion () and the mean coefficient
of thermal expansion {(an,) as determined by Scaffidi-Argentina (Reference 1.2.b) for all grades of Be,

and the mean thermal expansion coefficient as determined by Dombrowski (Reference 1.2.¢) for S-65
Be containing 0.9% BeO. The values are tabulated in Table 1.2.4.

For the mean coefficient of thermal expansion of Be, the equation given by Scaffidi-Argentina
{Reference 1.2.b) is recommended.

30

=« ~ = Meaan - - |nstantaneous — 5.85 Dombrowski

Expansion Coefficient (10‘1!()

273 - 473 673 873 1073 1273 1473
Temperature {K)

Figure 1.2.4: Mean and {nstantaneous Thermal Expansion Coefficient of Be

Table 1.2.4: Mean and Instantaneous Therma! Expansion Data for Be

Scaffidi-Argentina (2000) ’

instantaneous mean

565 Dombrowski (1995) ;(;3) CTE é‘ ae:)m c're1 §13:VK

E {t 10. .

T CTE (1)K 73 1287 210
381 12.58 473 14.69 13.07
574 14.00 573 16.28 13.96
607 14.66 673 17.66 14.78
LX) 1514 773 18.86 15.53
758 15.44 873 19.89 16.22
952 16.10 973 20,77 16.85
1130 16.61 1073 21.53 17.42
1173 22.18 17.95
1273 22.75 18.43
1373 23,26 18.88
1473 23.72 19.29
1573 24.16 19.68
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1.2.5.4 Irradiated

From Reference 1.2.b it is expected that the coefficient of thermal expansion in isotropic Be grades is
not affected by neutron irradiation.

1.2.6 Specific Heat
1.2.6.1 Unirradiated

From Scaffidi-Argentina (Reference 1.2.b), 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 293 <T <1558K.

C, =1741.8+3.3358 (T ~273)~3.1125x107 - (T - 273)* +1.2748x10™° - (T - 273)°

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

Billone (Reference 1.2.h) proposed an equation for the specific heat based on data from various
grades of Be up to 973K.

C, =2432+0.6428 (' -273)-0.7111-(T -273)™

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

Dombrowski (Reference 1.2.¢) includes a data table of the variation in specific heat of S-65 grade Be
with temperature. Figure 1.2.5 is of the tabular data, given in Table 1.2.5, for $-65 Be from Reference
1.2.c and the predicted values from the equations given in Reference 1.2.a and Reference 1.2.h for
the unirradiated specific heat of Be. Some variation is observed between Reference 1.2.a and 1.2.h
at lower temperatures (T<573K).

For the specific heat of Be, the equation given by Scaffidi-Argentina (Reference 1.2.b) is
recommended.
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Figure 1.2.5: Specific Heat of Be ‘
Table 1.2.5: Specific Heat Data for Be
) Scaffidi-Argentina
S-65 Dombrowski (1995) {2000) Billone (1995)
T (K) Cp (Jkg-K) T(K) Cp (Jkg-K) Cp (J/kg-K)
324 1805 293 1807 2445
412 2240 373 2046 2496
456 2344 473 2295 2561
515 2441 573 2497 2625
564 2529 673 2660 2689
609 2613 773 2791 2753
673 2667 873 2898 2818
737 2734 $73 2989 2882
816 2780 1073 3071
892 2860 1173 3152
973 2939 1273 3240
1127 3086 1373 3342
1269 3220 1473 3486
1550 3581

1.2.6.2 Irradiated

Scaffidi-Argentina (Reference 1.2.b) reports minimal effects on the specific heat of irradiated Be. It
was also reported that the specific heat remains fairly independent of the Be grade. At this time itis .
assumed that the specific heat of Be will remain independent of irradiation.
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1.2.7 Modulus of Elasticity
1.2.7.1 Unirradiated
Variation in the elastic modulus of S-65 Be with temperature is given by Dombrowski (Reference

1.2.c) over the temperature range 273K <T <1273K, shown in Figure 1.2.6. Based on the limited
data points reported, no equation is given at this time.

U - e e :
¢
Young's 300 - * .
Modulus !
T (K} {GPa) 250
273 310 .
473 300 5 200 i
673 290 2 !
W 150 - '
873 230 i
i
1073 97 100 - . ;
1273 48 i
1
80 - * i!
0 ; : . ; . \
273 473 673 873 1073 1273

Temperature (K)
Figure 1.2.6: Elastic Moduius of Be with Data Table included.

1.2.7.2 Irradiated

Hickman (Reference 1.2.e) 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.

1.2.8 Tensile Yield Strength
1.2.8.1 Unirradiated

Multiple references have reported on the unirradiated tensile yield strength of Be (References 1.2.d,
1.2k, 1.2.1and 1.2.m). 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 Figures 1.1.7 and 1.1.8
below in section 1.2.8.2).

VHP Y8 =-0.2574-T +350.1
HIP Y§ =-0.3289-T +449.3

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

1.2.8.2 Irradiated

Irradiation effects on the tensile yield strength of multiple grades of Be (5-65, $-65H, S-200F and S-
200FH) have been studied by many references {References 1.2.d, 1.2k, 1.2.land 1.2.m} (radiated
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 283K =T <823K and fluence range
of 0.75 — 2.45x10%' n/cm? (E>1 MeV). The plot of irradiated and unirradiated tensile yield strength
data for multiple grades of Be is also shown below (Figure 1.1.7 and 1.1.8). 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 Tre). All high temperature irradiated data (T =3823K) was excluded from the
regression analysis. Additionally, Moons (Reference 1.2.d) 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 1.2.d, 1.2.k, 1.2.1 and 1.2.m were from samples
tested at the irradiation temperature. The equations exhibit a good fit for 293 — 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 YS; = irradiated tensile yield strength of HIP Be, MPa
T = temperature, K

The unirradiated and irradiated tensile yield strength of Be is plotted in Figure 1.2.7 for VHP and HIP
grades are plotted in Figure 1.2.8. 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?' niem? (E>1MeV).
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Figure 1.2.7: Irradiated and Unirradiated Tensile Yieid Strength of VHP Be
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Figure 1.2.8: Irradiated and Unirradiated Tensile Yield Strength of HIP Be

1.2.9 Emissivity
Reference 1.2.g reports the emissivity of Be for T < Tp,.:
e =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).

1.2.10 Uitimate Tensile Strength
1.2.10.1 Unirradiated
Multiple references have reported on the unirradiated ultimate tensile strength of Be (References

1.2.d, 1.2.k, 1.2.1 and 1.2.m). The below equations are based on data from unirradiated VHP (S-65
and S-200F Brush Wellman) and HIP {S-65H and S-200FH Brush Wellman) Be grades. In general,
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HIP grade Be exhibits a higher ultimate tensile strength than VHP grade Be. These equations are
based on data in the temperature range 293K <T <923K (See Figures 1.1.9 and 1.1.10 below in
section 1.2.10.2).

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

1.2.10.2 Irradiated

Irradiation effects on the ultimate tensile strength of muitiple grades of Be (S-65, 5-65H, S-200F and
5-200FH) have been studied by many references (References 1.2.d, 1.2k, 1.2.1and 1.2.m).
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% nfem? (E>1 MeV). The plot of irradiated and unirradiated ultimate tensile strength
data for muitiple grades of Be are shown in Figure 1.2.9 and Figure 1.2.10. 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,@) reactions and therefore at higher temperatures He embrittlement becomes a concern
{corresponding to 0.5 Trer). All high temperature irradiated data (T 2823K) was excluded from the
regression analysis. Additionally, Moons (Reference 1.2.d} performed thermal ageing studies te
isolate thermal effects from radiation effects. The thermal results are not included in this linear
regression analysis. Data reported from Reference 1.2.d, 1.2.k, 1.2.| and 1.2.m 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 uitimate tensile strength of HIP Be, MPa
T = temperature, K
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Figure 1.2.9: Irradiated and Unirradiated Ultimate Tensile Strength of VHP Be
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Figure 1.2.10: Irradiated and Unirradiated Ultimate Tensile Strength of HIP Be

1.2.11 Poisson's Ratio

Dombrowski (Reference 1.2.¢) gives a table {Table 1.2.6) 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 S-65 grade Be.

Table 1.2.6: Poisson Ratio Data for $-200F Be

Orientation Stress Axis Direction of Orthogonai Poisson's Ratio
Strain

LC Longitudinal Circumferential 0.102
0.064

0.072

LR Longitudinal Radial 0.102

: 0.080

0.105
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Orientation Stress Axis Direction of Orthogonal Poisson’s Ratio
Strain

TL Transverse Longitudinal 0.069

' 0.071

0.108

TR Transverse Radial 0.102
0.058

0.066

Scaffidi-Argentina (Reference 1.2.b) reported that Poisson’s ratio ranges between 0.01 - 0.13 (0.07
+/- 0.06) while Billone (Reference 1.2.h) reported Poisson’s ratic at room temperature to be 0.08 +/-
0.02. Reference 1.2.3 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.

1.2.12 Irradiation Swelling

As described by Scaffidi-Argentina and Gelles (References 1.2.b and 1.2.n), 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:

°Be + n -+ ®Be + 2n (threshold energy 2.7 MeV)

88e - 2 “He

°Be + n - ®He + “He (threshold energy 1.4MeV)
*He - °Li
®Li + n-» *He + *H (primarily thermal neutrons)

Swelling is considered an important irradiation effect. The He formed by the transmutation reactions
is responsible for swelling at high flugnces and high temperatures. Gelles (Reference 1.2.n)
determined that minimum swelling at high temperatures occurred in Be grades with the smallest grain
size and highest BeQ content. Helium migration and the formation of large helium bubbles are limited
by the large quantity of small BeQ particles. The swelling of Be was also examined by Dalle Donne
(Reference 1.2.0) in an attempt to characterize the behavior of the material in solid breeder blanket
applications. It was established by Scaffidi-Argentina (Reference 1.2.b) that swelling generated from
a given gas concentration was dependent on the He bubbie size and therefore dependent upon the
bubble density. Dalle Donne (Reference 1.2.0), using this and other constitutive relationships for Be
(surface tension, grain boundary energy, self-diffusion, He 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 1.2.0 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-85 and S-200F beryllium irradiated in the EBR-II {fast reactor), BR2 {fast

reactor) and the ATR (PWR reactor). Swelling predictions from the ANFIBE mode! were reported by

Dalle Danne to fluences of 25x10°' nfcm? (E>1MeV) and temperatures of 973K. Dalle Donne .
(Reference 1.2.0) presented a comparison of the ANFIBE calculated swelling versus experimental
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swelling shown for a range of data (Figure 1.2.11). Additionally, the ANFIBE predictions for swelling
at 0.5-10 x 10%' nfem? (E>1MeV) over the temperature range of 273-973K are shown in Figure 1.2.12.

Efforts continue to develop the ANFIBE code, providing greater capability and confidence in the model
(References 1.2.b and 1.2.p). 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 swelling data

4
Temperature Range of the Data
3.5 1 * 373K
g 523K - 723K

31 .
. A 973K
]
g 2.5 b -—_‘1:1 "‘_,"".0
= e Made! Prediction N
4 e
n 2 c,a\ ‘e,»"' -

o - .
3 T
b=} Glg ”_"'" .. ’._-"l
o k Bt . P
g 1.5 o L ) P s
= ) ..
’ e
14 — .
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05 R A nicm? (E>1 MeV)
S 1 R
& s
0 e, . : : : . ‘ : .
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Figure 1.2.11: Measured Be Swelling Data Versus the ANFIBE Calculated Swelling
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Figure 1.2.12: Predicted Be Swelling Based on ANFIBE Code
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