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Abstract 
This letter provides updated reflector and shield preliminary material property information to 
support reactor design efforts. The information provided herein supersedes the applicable 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 uniriadiated and irradiated material 
properties for beryllium, beryllium oxide, isotopically enriched boron carbide ("B,C) and lithium 
hydride. With the exception of 11B4C, the information is provided in Attachments 1 and 2. At the 
time of issuance of this document, "B4C had not been studied. 

Background 
Reference (a) provided a set of assumptions and information used for early reactor sizing studies 
enabling various reactor concepts Lo be evaluated and compared on a common basis. These 
sizing studies and comparisons were used to support the recommendation for a gas cooled 
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-conoeptual 
design process. In particular, Reference (b) requested the following properties for beryllium (Be), 
beryllium oxide (BeO), 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 swelling 

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&, which is not addressed 
herein. 

The attachments include data for reflector materials Be and Be0 as well as shielding materials UH 
and Be. A significant amount of literature review and analysis was performed as part of this effofi. 
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: 

* Ultimate tensile strength of BeO. There is limited data on the tensile properties of BeO. 
(Attachment I ,  Section 1.2.8) 
Yield strength of LiH. No data is available at the current time. (Attachment 2, Section 1.1.8) 

0 
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 t 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 
technioues for the raw data. which orovides some confidence. but is not a reolacement for full 
unde&anding of the experiments.  heref fore, 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 theie equations and relationships. 

Be0 has been studied on and off for several decades. however most of the testina was on different 
grades of Be0 that are no longer commercially available. This is significant sinceihe irradiated 
material performance of Be0 (specificallv swelling) has been shown to be sensitive to grain size 
and pro&ssing techniques (~Gerence (6) and section 1.2.13 ofAttachment 1). prior to clo-ut 
of the project, technical approval was sought to test a current form of Be0 in the JOY0 test reactor 
in Reference (d) and approved by Reference (e). For the reflector application, the most uncertain 
Be0 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 identii 
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 pie-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 reflector 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 iruly Yours, 

Ehrri Gurau, Engineer 
Fuel and Shield Technology -. 

Space Materials, KAPL Space Materials, KAPL 

Approved, 

Space Materials, KAPL 
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I I .O Reflector 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.l.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 are required to quantify the measurement 
uncertainty. 

1.1 Beryllium (Be) 

Many different industrial grades of Be are available (Brush Wellman, Elmore, OH). Data for the 
structural grades of Be (S-65. S-65H, S-200F and S-200FH) are most commonly reported in the 
literature. The main differences between the various grades are impurity levels (particularly the Be0 
content) and processinglfabrication method. 5-65 and S-200F grade Be are vacuum hot pressed 
(VHP) materials while S-65H and S900FH grade Be are hot isostatically pressed (HIP) materials. 
The S-65 and S-65H material has a maximum Be0 content of 1% while the S-200 and S-200FH 
material has a maximum Be0 content of 1.5%. Further information on the effect of processing and 
impurities in Be can be found in Reference 1.l.b and 1.l.c. Generally. Be is not recommended as a 
structural material for radiation environments due to loss of ductility at relatively low fluences 
(References 1 .I .d and 1 .I .e). Ductility and elongation are not presented here in, but could be studied 
if later needed. 

I 1.1.1 Composition 

Table 1 .I .I gives the composition of S-65 structural grade beryllium from Reference 1 .l.f (Brush 
Wellman). 

I Table 1.1.1: S-65 Beryllium Compositlon (Brush Wellman) 

Element 
(max unless otherwise stated) Wtoh 

Be (min %) 99 I 
Be0 1 .O 
Al 0.06 
c n i n  

Element 1 .-, 

1.1.2 Melting Temperature and Maximum Use Temperature 

The melting temperature of beryllium is (Reference 1 .I .g): 

T,,, = 1558 rt lO K 

Si 
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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 .I .8 and 1.1 .lo). 

1.1.3 Density 

From Scaffidi-Argentina (Reference 1.l.b) for all grades of Be, the room temperature (293K) 
theoretical density is 1.85 g/cm3. The following curve is recommended for the temperature range 
293K ST ~1500K.  

where 
p = density, g/cm3 
T = temperature, K 

Dombroski (Reference 1.1 .c) includes a data table of the variation in density of S-65 grade beryllium 
(Brush Wellman) with temperature (Table 1 . I  .2). Figure 1 .I .I shows some slight variation (+I-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.l.b) is recommended 

Table 1.1.2: Density data for Be 
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TI-----.-. . ~ - S-65 Dombrowski - - - - Scaffidi-Argentina / . . .. - ._ 

273 473 673 873 1073 1273 1473 

Temperature (K) 
Figure 1.1.1: Density of Be 

I .I .4 Thermal Conductivity 

I .I .4.1 Unirradiated 

From Scaffidi-Argentina (Reference I .I .b) the unirradiated, thermal conductivity of Be is given by the 
following curve for the temperature range 293K ST 5Tl500K. 

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

Billone (Referencel.? .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. 

where 
k = thermal conductivity, Wlm-K 
p = fraction porosity 
T = temperature, K 
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Dombroski (Reference 1 .l .c) includes a data table of the variation in thermal conductivity of 3-65 
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 S-65 grade Be from Reference 1.l.c and the predicted values 
from the equations given in Reference 1.l.b and Reference 1.1.9 assuming zero porosity are plotted 
in Figure 1 .I .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.l.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 1973K. 

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: Thermal Conductivity Data for Be 
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5-65 I Dombrowski (1995) 

I Thermal Conductivity 

1.1.4.2 Irradiated 

The irradiated thermal properties, including thermal conductivity, have been studied for beryllium. 
Snead and Barabash (References 1 .l .i and I .l .j) summarize the neutron irradiation data for 3-65 and 
S-200F Brush Wellman beryllium grades. Snead (Reference 1 .l .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.l.i) showed that the effect of radiation on the thermal conductivity of S-65 Be at - 1 ~ 1 0 ~ '  n/cm2 
(E>O.l MeV) and approximately 573K was within the -4% ex erimental error of the unirradiated r value. For S-200F Be irradiated to fluences of 4.5x1OZ0 nlcm (ENMeV) at 473K, the thermal 
conductivity decreased approximately 5% (Reference 1 .I .I). 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 .l .b). there is little difference (less than a few percent) observed for polycrystalline. 
isotropic sintered Be parts (S-65 Bwsh 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. I .h) reports the following equation, plotted in Figure 1.1.3, developed for the 
percent change in length (ALLo) of Be based on data up to 1558K. The unirradiated percent change 
in length (hub) is given by: 
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where 
AUb = change in length from 298K, percent 
T = temperature, K 

% Linear 
Expansion 

Temperature (K) 

Figure 1.1.3: Linear Expansion of Be with Data Table Included 

1.1.5.2 Unirradiated Instantaneous Coefficient o f  Thermal Expansion 

From Scaffidi-Argentina (Reference I .I .b), for the temperature range 293K ST 4473K the 
unirradiated instantaneous coefficient of thermal expansion (a!) is given by the following equation. 

where 
a = instantaneous coefficient of thermal expansion, lo6 K' 
T = temperature. K and the reference tempkrature is 293K 

1.1.5.3 Unirradiated Mean Coefficient of Thermal Expansion 

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

where 
a, = mean coefficient of thermal expansion, lo6 K-' 
T = temperature, K and the reference temperature is 293K 

PRE-DECISIONAL - For planning and discussion purposes only 



Page 8 Attachment 3 to 
MDO-7230042 

Figure 1 .I .4 includes the instantaneous coefficient of thermal expansion (ai) and the mean coefficient 
of thermal expansion (am) as determined by Scaffidi-Argentina (Reference 1 .l .b) for all grades of Be, 
and the mean thermal expansion coefficient as determined by Dombrowski (Reference 1.l.c) 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 . I  .b) is recommended. 

30 - - - - Mean - - Instantaneous - 585 Dombrwrski 

Temperature (K) 
Figure 1.1.4: Mean and lnstantaneous Thermal Expansion Coefficient of Be 

Table 1.1.4: Mean and Instantaneous Thermal Expansion Data for Be 
I I I 

Scaffidi-Argentina (2000) 

5-65 I Dombrowski (1995) 
T (K) I M E  ( 1 0 " ) ~ ~  
9711 I 1  19 

I instantaneous I mean 
T(K) I CTE(~O%K I CTE(IO%K 
773 I in nn I i i  M . .." . 

12.87 12.10 
14.89 13.07 
16.28 13.96 
17.68 14.78 
18.86 15.53 
19.89 16.22 

973 7n 77 tfi  ~ e .  

LL. IO  3 r . 2 2  

18.43 
23.26 18.88 

1473 23.72 19.29 
24.16 19.68 
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1.1.5.4 Irradiated 

From Reference 1 .l .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 .l .b), the unirradiated specific heat of Be is given by the 
following equation. This equation is based on experimental data from Be grades with 4% Be0 
content (5-65 Brush Wellman Be). The equation is valid for 293 G 1558K. 

where 
C, = specific heat, Jlkg-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. 

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

Dombrowski (Reference 1 .l .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 S-65 Be from Reference 
1 .l.c and the predicted values from the equations given in Reference 1 .l .a and Reference 1.l.h for 
the unirradiated specific heat of Be. Some variation is observed between Reference 1.l.a and 1.l.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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- '3-65 Dombrowski - - - - Scaffidi-Argentina - - Billone 

Temperature (K) 
Figure 1.1.5: Specific Heat of Be 

Table 1.1.5: Specific Heat Data for Be 

I I r I 

1.1.6.2 Irradiated 

Scaffidi-Argentina (Reference 1 .I .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 it is 
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 .l .c) over the temperature range 273K IT 51273K, shown in Figure 1.1.6. Based on the limited 
d-ts points tepor?ed, no equation is given at this time. 

w ------7 

i 
0 i 
273 473 673 873 1073 I273 

Temperature (K) 

Figure 1.1.6: Elastic Modulus 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 
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. 

1.1.8 Tensile Yield Strength 

1.1.8.1 Unirradiated 

Multiple references have reported on the unirradiated tensile yield strength of Be (References l.l.d, 
1 .I .k, 1.1 .I  and 1 .l .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 Weilman) 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 ST s1228K (See Figures 1.1.7 and 1 .I .8 
below in section 1.1.8.2). 

VHP YS=-0.2574.T +35O.l 

a HIP YS = -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 lrradiated 

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 .I .d, 1.1 .k, 1.1 .I and 1 .l .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 fl 1823K and fluence range 
of 0.75 - 2.45~10~ '  nlcm2 (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 .I .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 Ts673K and at 
dislocations within the grains at T+823K. Additionally, Be has a high fast neutron cross-section for 
(n.o) reactions and therefore at higher temperatures He embrittlement becomes a concern 
(corresponding to 0.5 T,,,). All high temperature irradiated data (T a323K) was excluded from the 
regression analysis. Additionally, Moons (Reference 1 .l .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 I .l .d. 1 .I .k, 1.1.1 and 1 .l .m were from samples 
tested at the irradiation temperature. The equations exhibit a good fit for 293 - 823K. 

W P  YS,, = -0.6270, T + 692.5 

where 
VHP YS, = irradiated tensile yield strength of VHP Be, MPa 
HIP YSi, = 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 .I .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 0.75~10~'  n/cm2 (EW MeV). 
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I (e Unirradiated / 
I 

9596 CI I / ri irradiated I 
I..., , I 

Fits to irradiated data are 
based on data TC823K 

Temperature (K) 

I Fluences 0.75 - 2.45x10Z1 nlcm2 (EM MeV) I 
Figure 1.1.7: Irradiated and Unirradiated Tensile Yield Strength of VHP Be 
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based on data TC823K 

Temperature (K) 

/ Fluences 0.75 - 2.45x1021 nlcrn2 (E>l MeV) 1 
Figure 1.1.8: Irradiated and Unirradiated Tensile Yield Strength of HIP Be 

1.1.9 Emissivity 

Reference I .l.g reports the emissivity of Be for T < T,: 

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 

1.1.10.1 Unirradiated 

Multiple references have reported on the unirradiated ultimate tensile strength of Be (References 
I . I  .d, I . l  .k, 1.1.1 and I .I .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 ST 5923K (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 (S-65, S65H. S-200F and 
SQOOFH) have been studied by many references (References 1 .l.d, 1 .l.k, 1.1 .I and 1 .l.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 fl 5823K and fluence range 
of 0.75 - 2.45~10'' n/cm2 (E>1 MeV). The plot of irradiated and unirradiited ultimate tensile strength 
data for multiple grades of Be are shown in Figure 1.1.9 and Figure 1.1.10. Neutron inadiation 
studies have observed that above 823K the strength of irradiated Be dramatically decreases due to 
He bubble formation. In beryllium He bubbles begin to fom at grain boundaries at Ts673K 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 Tmn) All high temperature irradiated data (T S23K) was excluded from the 
regression analysis. Additionally, Moons (Reference 1.l.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 l.1.d. 1.l.k. 1.1.1 and 1.l.m were from samples 
tested at the irradiation temperature. The equations exhibif a good fit for293 - 823K. 

VHP UTS, = -0.7980 .T + 849.0 

HIP UTS, = -0.8738. T + 943.6 

where 
VHP UTSi, = irradiated ultimate tensile strength of VHP Be, W a  
HIP UTS,,, = irradiated ultimate tensile strength of HIP Be. MPa 
T =temperature, K 
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1 Unirradiated 

Fits to irradiated data are 
based on data Tc823K 

0 200 400 600 800 I000 1200 
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Figure 1.1.9: Irradiated and Unirradiated Ultimate Tensile Strength of VHP Be 
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1.1.10: Irradiated and Unirradiated Ultimate Tensile Strength of HIP Be 

1.1 .I 1 Poisson's Ratio 

Dombrowski (Reference 1 .l .c) 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 resutts 
should be similar for S-65 grade Be. 
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Table 1.1.6: Poisson Ratio Data for S-ZOOF Be 

Orientation 

LC 

LR 

- 

Stress Axis 

Longitudinal 

Longitudinal 

Direction of Orthogonal 
Strain 

Circumferential 

Radial 

Poisson's Ratio 

0.102 
0.064 
0.072 
0.102 
0.080 
0.105 
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Strain 
TL Transverse Longitudinal 0.069 I 

0.071 
0.108 

TR Transverse Radial 0.102 
0.058 

Scaffidi-Argentina (Reference 1 .I .b) reported that Poisson's ratio ranges between 0.01 - 0.13 (0.07 
+I- 0.06) while Billone (Reference I .l.h) reported Poisson's ratio at room temperature to be 0.08 +/- 
0.02. Reference I .I .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 Irradiation Swelling 

As described by Scaffidi-Argentina and Gelles (References I .I .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 ( 3 ~ )  via the following reactions: 

'Be + n -. + 2n (threshold energy 2.7 MeV) 

'Be + n -. 6 ~ e  + 'He (threshold energy 1.4MeV) 

4 6 ~ i  + n -. He + 3~ (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.l.n) 
determined that minimum swelling at high temperatures occurred in Be grades with the smallest grain 
size and highest Be0 content. Helium migration and the formation of large helium bubbles are limited 
by the large quantity of small Be0 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 I .l .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 .l .o), 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 1.1.0 illustrates how the ANFIBE code has shown agreement with a variety of experimental 
data. Experimental data ranges from 2.1-50 x 10" n/cm2 (E>lMeV) 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 
Dalle Donne to fluences of 25x10~' nlcmz (DlMeV) and temperatures of 973K. Dalle Donne 
(Reference 1 .I .o) presented a comparison of the ANFIBE calculated swelling versus experimental 
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swelling shown for a range of data (Figure 1.1 .I 1). Additionally, the ANFIBE predictions for swelling 
at 0.5-10 x 10'' nlcmz (E>1 MeV) 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 8thefmodel 
(References I .I .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 

em~erature Ranae of the Data 

+ 373K 

523Ke723K 

A 973K 

-1:1 

-Model Prediction 

Fluences 2.1 - 50 x 102' 
nlcm2 (EW MeV) 

o 0.5 I I .5 2 2.5 3 a:5 

Cal~IJlated Swelling (%) 

Figure 1.1.11: Measured Be Swelling Data Versus the ANFIBE Calculated Swelling 
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Irradiation Temperature (K) 

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 Be0 (Brush Ceramic Products Reference 
1.2.a). 

Table 1.2.1: Composition of Thermalox 995 Be0 

Thermalox 995 Be0 
Element (max unless / wt% 

otherwise stated) 
Be0 (min %) 

Al 

1.2.2 Melting Temperature and Maximum Use Temperature 

The melting temperature of beryllium oxide is (Reference 1.2.6): 

T,, = 2843 it 30K 

99.5 
0.035 

. .. 
I 
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Si' 0.25 
Na 0.01 5 

I 0.002 
395 as sintering aids. 
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A practical maximum use temperature (unirradiated) is approximately 2300K (Reference 1.2.b). 
Irradiation may affect other properties (thermal 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 Be0 is 
3.010 g/cm3. The actual Be0 density is calculated by: 

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 ST ~2300K  is shown in Figure 
I .2.1. The following equation is for the unirradiated thermal conductivity of BeO. This equation is 
based on data from various grades of Be0 with densities varying from 2.60 - 2.97 g/cm3 (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. 0, 

where 
k =thermal conductivity, Wlm-K 
T =temperature, K 
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Figure 1.2.1: Thermal Conductivity of Be0 

1.2.4.2 Irradiated 

Low temperature (350 - 373K) thermal conductivity studies by Pryor (Reference 1.2.e) reporled a 
reduction in Be0 thermal conductivity at doses as low as 2x10'~ n /cm2(€>1~e~) .  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, 0.2~10~'  n/cm2 (EMMeV). 
Measurements at higher doses were not performed due to microcracking in the material, which is 
expected to affect thermal conductivity (see swelling discussion). Hickman (Reference I .2.9 
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 Be0 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 Wellrnan Thermalox 995 grade BeO. Minimal changes in thermal 
conductivity were obsewed at fluences of 1x10'~ n/crn2 (bO.1 MeV). 

Touloukian Reference 1.2.c) provided limited irradiation data for Be0 irradiated at 8.6x10'~, 2 x 1 0 ~ ~  6 and 3.7x102 n/cm2 (E4MeV) over the narrow temperature range of 330 - 560K. Figure 1.2.2 
illustrates the degradation in the thermal conductivity of BeO, similar to the trends in Reference 1.2.f. 

Due to limited thermal conductivity data for currently available grades of Be0 irradiated at high 
temperatures and high fluence, irradiation testing of Be0 was planned in the JOY0 fast reactor to 
characterize the material. 
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1 Unirradiated data 
i ! 
I &f= 8.6E18 nlcm2 i 
! i i 

A f=2E2O nkm2 

Of.3.7E20 nlcm2 1 

Data is from AOX grade BeO, 
S?S%TD, unirradiated and 

unirradiated curve irradiated at the three conditions. 

273 573 873 1173 1473 1773 2073 2373 @ 
Temperature (K) 

Figure 1.2.2: Irradiated Thermal Conductivity of Be0 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 ST d300K is 
shown in Figure 1.2.3. From the data it is observed that there is no correlation between changes in 
the density of Be0 and linear expansion (Figure 1.2.3). The unirradiated percent change in length 
( A u k )  is given by the following equation. This equation is based on data from various grades of B e 0  
with densities varying from 2.68 - 2.99 g/cm3. 

where 
A U k  = change in length from 293K, percent 
T =temperature, K 
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273 573 873 1173 1473 1773 2073 2373 

Temperature (K) 

Figure 1.2.3: Linear Expansion of Be0 

1.2.5.2 Unirradiated Instantaneous Coefficient of Thermal Expansion (CTE) 

From Reference 1.2.b for the temperature range 293K ST Q300K the unirradiated instantaneous 
coefficient of thermal expansion (a) is given by: 

where 
q = 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: 

where 
a, = mean linear coefficient of thermal expansion, K-' 
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AUL = change in length, percent (section 1.2.5.1) 
T = temperature, K 
Tm = average reference temperature 

Data from Touloukian (Reference 1.2.h) for the linear expansion (AUL) of Be0 was used to 
determine the mean coefficient of thermal expansion over the temperature range 353K ST Q300K. 
Because the reference temperature (Tmf) 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 299 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 -  Mean 
! I / - - - Instantaneous / 

O Curve 53 CTE at 299K 

273 573 873 1173 1473 1773 2073 2373 

Temperature (K) 

Figure 1.2.4: Mean and Instantaneous Coefficient of Thermal Expansion of Be0 

The recommended equation over the range 353K ST Q300K for the mean CTE of B e 0  is given by: 

where 
a,,, = 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. Collim 
(Reference 1.2.i) reported no change (+I-5%) in the coefficient of thermal expansion for BeO 
irradiated at 373K. Additionally, Walker (Reference 1.2.j) reported no change (+I- 0.0295) in the 
coefficient of thermal expansion of Be0 irradiated to 0.65~10~'  n1cmZ (E>1 MeV) at 923 - 963K. 

I .2.6 Specific Heat 

1.2.6.1 Unirradiated 

From Reference 1.2.k (Table 1.2.2 and Figure 1.2.5) forthe temperature range 298K ST 4 8 2 0 K  the 
unirradiated specific heat of Be0 is given by the following equation: 

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

Table 1.2.2: Data Reported in Figure 1.2.5 for Specific Heat of Be0 

I 
3 / No description of sample given. 

a 

PRE-DECISIONAL - For planning and discussion purposes only 

Curve Number 
2 

4 

5 

6 

Specifications and Remarks 
99.9 BeO, with impurities of Al, Ni, Cu, Zn, Ag, Fe and Ti; pressed and 
sintered at 1673 - 2073K. 

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

99.5 BeO, 0.0090 si, 0.0050 Al, 0.0020 Mo, 0.0010 Ca, 0.0010 Cr. 0:0010 
Fe, 0.0010 Na, 0.0010 Ni, 0.0003 Mn, c0.0001 B, Cd, Li, <0.0001 Co, Ou; 
supplied by Brush Beryllium Co.; cold pressed; density 2.87 @an3. 

Sample supplied by Zirconium Corp. of America; crushed in harcJened!steel 
mortar to pass 100-mesh screen; pressed and sintered; densityat'298K 
before exposure: apparent density (ASTM method 831 1-58) 2913 #m3, true 
density (by immersion in xylene) 3.00 g/cm3. 
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Temperature (K) 

Figure 1.2.5: Specific Heat of Be0 

1.2.6.2 Irradiated 

Hickman (Reference 1.2.1) reported no measurable change in enthalpy of irradiated Be0 at 573K, 
873K and 1173K after removing the effects due to stored energy. Measurements of stored energy in 
irradiated Be0 samples indicate a significant amount of energy is stored at high fluences. However, 
the stored energy has minimal effects on the specific heat of irradiated Be0 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 Be0 by the following: 

For 298K < T < 800K 
E = 344.7 - 805.7. P 

where 
E = modulus of elasticity, GPa 
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P = volume fraction porosity, 0 < P < 0.3 
T =temperature. K 

Modulus of Elasticity for Be0 (95%TD) 
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Figure 1.2.6: Elastic Modulus of 95% Theoretical Density Be0 with Data Table Indudad 

I 

1.2.7.2 Irradiated 

1300 

1400 

1500 

The modulus of elasticity remains independent of irradiation effects. Using resonance frequency 
methods, Collins (Reference 1.24 reported a small decrease in the elastic modulus of Be0 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 oould not be 
determined. Generally, variations in the elastic modulus are related to temperature as shavn in 
section 1.2.7.1. 

1.2.8 Compressive Strength 

224.7 

171.3 

99.43 

1.2.8.1 Unirradiated 

200 400 600 800 1000 1200 MM 1600 

Temperature (K) 

From Reference 1.2.b (Figure 1.2.7) the compressive strength for Be0 over the temperamrange 
293K IT s1500K and porosity range of 0 - 30% is given by the following: 

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

Compressive Strength of Be0 (95% TD) 
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Figure 1.2.7: Compressive Strength of 95% Theoretical Density Be0 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 Be0 irradiated at 373K. Measurements were performed at Tc 
373K and Tc 673K. This reference shows that the strength dramatically decreases at doses above 
6x10'~ nlcmz (EM MeV). Note that the material tested had an average grain size of 50 - 700 
microns; therefore significant microcracking from irradiation likely occurred (see swelling). 

Due to limited compressive strength data for currently available grades of Be0 irradiated at high 
temperatures and high fluence, irradiation testing of Be0 was planned in the JOY0 fast reactor to 
characterize the material. 

1.2.9 Tensile Yield Strength 

The compressive strength of Be0  is given above in section 1.2.8. There is limited data on the tensile 
properties of Be0 due to the brittle nature of ceramics. 

1.2.10 Emissivity 

From Reference 1.2.b the emissivity is given over three temperature ranges for Be0 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 c T c 800K 
& = 0.2 

For 800K.c T c 2200K 
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For 2200 < T 
E = 0.5 

where 
E = emissivity 
T = temperature, K 

1.2.1 1 Ultimate Tensile Strength 

0.4 
0 
5 .- 

0.5 : 
$ 0.3 - .- 
E j 

0.2 - 

i (annealed) 
0.1 - i j - Busboom 

i 
j 

O T . . , . . , .  , , . . ,  

The compressive strength of Be0 is given above in section 1.2.8. There is limited data on the tensile 
properties of Be0 due to the brittle nature of ceramics. 

I 

1.2.12 Poisson's Ratio 

273 573 873 1173 1473 1773 2073 2373 

Temperature (K) 
Figure 1.2.8: Emissivity of Be0 

From Reference 1.2.b the best estimate for Poisson's ratio is 0.3 for 298K to 1400K. It is expected 
that Poisson's ratio for Be0 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 Be0 exposed to neutron irradiation, 
primarily grain size, temperature, fluence, flux and density. Piumlee (Reference 1.2.0) reported 
expressions based on lattice defects (AVND), microcracking.(AVN~c) and helium bubble formation 
(AVNHe) to predict the swelling of B e 0  The grain size, temperature. luence, 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 . 2 ~ 1 0 ' ~  n/cm2-s) 
(E>1 MeV) and fine grain size (5 - 20 microns) BeO. 

where 
AVN = total volume expansion fraction 
AVND = volume expansion fraction due to lattice defect mechanisms 
AVNMc = volume expansion fraction due to microcracking 
AVNne = volume expansion fraction due to helium bubble formation 

Collins (Reference 1.2.i) formulated an expression for the volume expansion due to lattice defects 
(AVND). 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 
Ai. 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 (AVND). At temperature above 1073K, this equation 
underestimates the volume change AVNo. 

where 
K = 3 . 3 ~ 1 0 . ~  . F 
F = neutron flux, n/cm2-s ( D l  MeV) 
A, = 6.1 x1 c5 e-'030D1RT 

& = 0.1 1 3e-22'0WRT 
R = gas constant = 1.987 calfmol-K 
T = temperature, K 
t = time, sec 

Based on Reference 1.2.b and 1.2.0. the oredicted volume exoansion due to microcrackina. AVN.,p ".- -" 
(grain boundary separation), is described'by the following equstion when AVNo XIVNmresbM. This 
equation accounts for the fact that microcracking does not initiate until AVND avNmrashold 

AV 
then - - - 0 

cdc 

A V 
then - - - 5.7~10- '~(Ft  - f )  

VMC 

where 
AVNMc = volume expansion due to microcracking 
AVND = volume expansion due to lattice defects 
AVNmresho@ = microcracking threshold 
F = neutron flux, n/cm2-s (E>lMeV) 
t = time, sec 
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f = microcracking fluence threshold where AVND = AVNaceshocd 

For Be0 there is a microcracking threshold (AVN,hresho,d) at which microcracking initiates for a given 
temperature. When the swelling due to lattice defects (AVND) is greater than the microcradtmg 
threshold (AVNthreshold), microcracking initiates and contributes to the total swelling. The following 
equation for the microcracking threshold illustrates that microcracking is a function of irradiation 
temperature. 

where 
AVNlhreShoid = microcracking threshold 
T = temperature, K 

Plumiee (Reference 1.2.0) states that for the temperature range 373K < T <873K, the volume 
expansion of Be0 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 Be0 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 Be0 and volume expansion due to He bubbles are diff~cult 
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 (AVNH.) the following equation was proposed, accounting forthe 
theoretical density of the BeO. This equation is based on limited data and more effort is required to 
verify the theory. This equation assumes that the volume expansion due to He bubble formation 
varies linearly between 86% and 96% theoretical density (Reference 1.2.0). 

where 
F = neutron flux, n/cm2-s (E>1 MeV) 
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 f a a r  
influencing swelling; however the functionality is not known. Testing in Reference 1.2.f has foaJsed 
on Be0 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 Be0 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 results in increased swelling. It should be noted that 
this figure is valid only at lower temperatures (-373K). 
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Fluence lo2' nlcm2 (EMMeV) 
Figure 1.2.9: Neutron Dose Required to Produce Microcracking in Be0 

1.2.13.2 Temperature Effect on Swelling 

Figure I .2.10 from Piumlee (Reference 1.2.0) presents data from fine grain size (nominally 5/rm. 
96%TD) Be0 at 373K, 873K and 1273K and the model described in section 1.2.13. It is obsewed 
that as the irradiation temperature increases the swelling begins to anneal out of the Be0 and the 
swelling rate decreases. Recall that over the temperature range 373 <: T c 873 the volume expansion 
of Be0 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 Be0 above 1173K. 
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Figure 1.2.10: Irradiation Swelling of Be0 with Predicted Curves from Plurnlee (Reference 1.2.0) 
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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 Be0 also increases. At lower temperatures (Tc873K) increased fluence 
leads to increased anisotropic swelling and microcracking. At higher temperatures (P873K) the 
increasing fluence levels, increase the formation of helium. lrradiation testing was proposed to help 
identify irradiation behavior and performance such as maximum swelling boundaries at each 
temperature. 

1.2.13.4 Flux Effect on Swelling 

In the definition of volume expansion due to lattice defects (AND),  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 x1014 n/cm2-sec (EzlMeV). Therefore, the co.rrelation given for volume 
expansion due to lattice defects (AVND) (section 1.2.1 3). predicts an increase in swelling with 
increasing flux at constant fluence. It should be noted that for these correlations the rate of atomic 
displacements, K, only covers a small experimental range of fluxes. It is not clear f 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 Be0 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 1s some ev~dence to suggest that dens~ty plays a role in determ~n~ng swelllng behav~or - 
oerha~s due to increased ability to accommodate helium bubble fonatlon, or an increased ablllty to 
release helium outside the B ~ O  volume. Plumlee (Reference 1.2.0) shows that in particular, sub- 
dense (86% TD) Be0 appears to swell less than full dense (95% TD) Be0 at higher temperatures 
(Tz1173) and the model by Plumlee overpredicts the swelling. Recall that at T>873K helium bubbles 
begin to form and become a significant mechanism contributing to swelling in Be0 above 1173K. It is 
'expected that for lower temperature applications (T<873K), there may be little advantage to using 
sub-dense BeO. 

1.2.13.6 Swelling Predictions for Be0 

Based on the above correlations for the swelling of BeO, swelling values were extrapolated above the 
known range of temperatures (373K, 873K and 1273K) and fluences (0.37 - 12x10~' n/cm2). 
Predictions assumed the same flux level used in Reference 1.2.0, 2.3~10" nlcmz-s (E>lMeV). 
Results of these extrapolations yielded results which do not appear to be reasonable based on the 
limited amount of data. It should be noted that in the literature reviewed, no swelling above -6% has 
been observed, however some irradiated samples have disintegrated to powder (Reference 1.2.p). 
Future testing is required to validate these predictions over a range of fluxes, fluences, temperatures 
and Be0 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. 

Table 1.2.3: Key Parameters that Effect Irradiation Swelling of Be0 

Parameter Result Reference 
Increasing Grain Size Increased Swelling 1.2.f 

1.2.i 
1.2.0 

Increasing Temperature (at fixed fluence) Decreased Swelling 1.2.f 
1.2.i 
1.2.0 

Increasing Fluence (at fixed temperature) Increased Swelling 1.2.f 
1.2.i 
1.2.0 

Increasing Flux Increased Swelling 1.2.f 
(based on correlation) 1.2.i 

1.2.p 
Increasing % Theoretical density Increased Swelling (due 1.2.0 

to He bubble retention) 

1.2.14 References 

1.2.a K. Harrison. 2005. Brush Ceramic Products, personal communication, 15 April. 
1.2.b H. Busboom, "Material Properties for Beryllium Oxide (BeO)", GE specification 

23A3186, (1989). 
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Prooerties of Matter Vol. 2 (1970) 123. 
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1.2.i C. G. Collins, "Radiation effects in BeO", J. Nucl. Mat., 14 (1964) 69-86. 
1.2.j D. G. Walker, R. M Mayer and B. S. Hickman, "X-ray studies of irradiated 
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1.2.1 8. S. Hickman. "Radiation Effects in Beryllium and Beryllium Oxide", Studies in 
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0 1.2.p G. W. Keilholtz, J. E. Lee, Jr. and R. E. Moore, "Irradiation Damage to Sintered 
Beryllium Oxide as a Function of Fast-Neutron Dose and Flux at 110, 650 and 1 10O0C", 
Nuclear Science and Engineering, 26 (1 966) 329-338. 
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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.l.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 necessaiy to quantify the measurement 
uncertainty. 

1.1 Lithium Hydride (LiH) 

The following properties are for natural lithium hydride (-7.6% ~ i ~ ,  92.4% ~ i ' )  (Reference 1.l.b). 

I 1 Composition 

Table 1.1.1 gives the typical composition of LiH as described in Reference I. 1 .h. It is recognized that 
the tvoical comoosition adds UD to areater than 100%. However, these are the values reported for as 
pro&ed mateial from the unkn Carbide Nuclear Company. Y-12 Plant, Oak Ridge, ~ k n e s s e e .  

Table 1.1.1: Composition of LiH as Given by Welch 

Typical j Minimum 1 Maximum Element wt% 

1.1.2 Melting Temperature and Maximum Use Temperature 

The melting temperature of lithium hydride is 961K, given by the phase diagram from References 
1.l.e and 1.l.h. 

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 .l .c). 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 T,,t - offset, shown on the phase 
diagram (Figure 1.1.1). SP-100 set the upper 
temperature limit at 800K (Reference I .I .c), 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 radiolytically 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 a - Solution of H in Li 

amount of swelling that is allowable in the design, and the p - H Deficient LiH 

swelling characteristics of the LiH due to environmental 
conditions (temperature, dose and dose rates). The 

w M 60 w 1- 

composition of the LiH is also believed to be a factor. YW~PO)(UIIU~ 

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

Figure 1.1.1 Phase Diagram for LiH 

The density correlation for LiH given by below is generated using linear regression of data from 
References 1 .l.d and 1 .I .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 m Figure 
1.1.2. The raw data points are given in Table 1.1.2. The equations are valid for 298 -1233K. 

For T 5961 K 
p = -1.3~10' . T +OX? 

where 
p = density, glcm3 
T = temperature, K 
R~ = 0.995 
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4- Mueller 

Table 1.1.2: Data for Density of LiH 

Mueller 

973 
1223 

0 200 400 600 800 10W 1200 1400 

Temperature (K) 

Figure 1 .I 2: Density of LiH 
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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 . l  .d and I .l .f for LiH. 
The equation is valid for 200-961 K. 

where 
k = thermal conductivity, Wlm-K 
T = temperature, K 
RZ = 0.993 

Thermal 
T (K) Conductivity Source 

Page 5 

1.1.4 Thermal Conductivity 
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Temperature (K) 

550 1 5.93 I ORNL 
600 1 5.57 / 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 .l .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 transport, the difference between LiH and 
LiH + 2% Li decreases as temperature increases. 
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1 .I .5 Specific Heat 

NASA (Reference 1 .I .d) uses Lang's data obtained using a drop calorimeter to measure enthalpy to 
fit a specific heat curve. The specific heat curve, adjusted to metric units, valid for 298-838 K is given 
in Figure 1.1.4. 

Tenv (Reference 1.1.0 of the Naval Research Laborat0~ used the su~er~osit ion of the acoustic and 

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

opti&i lattice vibrations to determine the heat capacity o i  LiH, which is valid above 298 K. 

where 
C, = molar specific heat, Jlmol-K 
m = index 
b, = coefficients for molar specific heat 
T =temperature. K 

Temrature (K1 

Figure 1.1.4: Specific Heat of L ~ H  with Tabular 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.l.f) is recommended. 
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1.1.6 Thermal Expansion 

Mel'nikova (Reference 1 .l.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 Griineisen constant is independent of temperature, volume, and isotopic 
composition, which lithium hydride satisfies fairly well (Reference 1 . I  .j). 

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

c, = molar specific heat (Jlmol-K) 

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

Mel'nikova presents the results of his equation using the Zaikin data, which is presented in Figure 
1.1.5. The fundamentally derived thermal expansion is valid from OK 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 .l .f) and NASA (Reference I .I .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. 

I I I Eauation 1 Equation I Thermal Erwnsion Coefficient of LiH 

0 200 400 600 804 1000 1200 

Temperature (K) 

Figure 1.1.5: Thermal Expansion Coefficient of LiH with Tabular Data Included 
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1.1.7 Modulus of Elasticity 
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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 motion 
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 .I .I)." 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. 

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

I I Young's I 

0 100 200 300 400 500 600 700 8OC 

Temperature (K) 

Figure 1.1.6: Elastic Nlodulus 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 .24~10~ MPa (10.5~10~ psi) (Reference 1.l.h). Youna's modulus decreases bv an . . .  
order of magnitude over the tehperature range of the data.   he largedecrease in elasticity o&urs at 
approximately 435 K. At approximately 435 K a liquid alpha phase appears in the solid lithium 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 .l .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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1.1.8 Yield Strength 

Data for the yield strength of LiH has not been located. 

1.1.9 Ultimate Tensile Strength 

Welch (Reference 1 .I .h) demonstrated the ultimate tensile strength of cold-pressed and sintered LiM 
is a function of strain rate (Fiaure 1.1.7). The tests were ultimatelv tested in static helium atmosohere. 
Originally, the tests at ele;ated temperature were attempted in a bacuum, but the extensomete; 
consistently slipped off the samples. The stress-strain rate plot (below) shows that the LiHdoes not 
obey Hooke's law to the fracture point. Therefore, LiH is not truly a brittle material. 

Figure 1.1.7: Ultimate Tensile Strength Curves of LiH from Welch 

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

Table 1 .t.3: Ultimate Tensile Strength Data for LiH 

1 I I strain rate 
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The NRPCT cannot recommend an equation for ultimate tensile strength of LiH, more data is 
necessary to reach a conclusion. 

1.1.10 Poisson's Ratio 

Data for the Poisson's ratio of LiH has not been located. 

1.1.11 lrradiation Swelling 

1.1.1.1. Gamma Irradiation 

Disney (Reference 1.3 .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 Radlhr versus 1E4 Radlhr). In the 400 to 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.l.i showed that decreasing dose rate resulted in reduced 
swelling, however, the lowest dose rate tested (-1E6 Radlhr) was still far above expected. At SP-100 
proposed temperature range of >600K, prior gamma testing reported <0.2% swelling regardless of 
dose and dose rate (up to 717K) (Reference I .l.i). 

~kjected ~ranethe;s 
exposure rate 

Figure 1.1.8: LIH Swelling Due to Gamma lrradiation 

Early gamma irradiation testing of LiH produced results not prototypic of the doses or temperatures 
seen by a shield for a 200 MWm Prometheus reactor. Table 1.1.4 summarizes the previous LiH 
irradiation experiment conditions and the expected Prometheus conditions. 
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Table 1.1.4: Summary of Gamma lrradiation Swelling of LiH 

Prometheus Intended Prior Irradiation Programs Ranges 8 
Shield NRPCT Example Results 
Target Testing Co-60 gamma GTRR gamma 
Range 

I I 

Temperatures 800 - 800 300 - 
I 

450 500 600 / 450 500 1 600 
(K) 850 I 

I I I 
Dose Rates ,003 to .02 15 1.25 3.4 3.4 

(Mega I 
Radlhr) / 

I I I I I I 
Doses (G 1 0.3 to 2 i .I to 5 1 0.2 1 0.5 / 0.5 I 3.5 1 28 1 2.5 

I I I 1 
Fast Fluence 1 5e14 to / l e l4  to 1 

(nfcrn2) 1 5e18 l e l 9  I 
Swelling % < 2 Key 0.4 -2 ' -2 12 -.I5 7 10 c0.2 

Metric 

Neutron 

The NRPCT is currently evaluating data from the earlier space nuclear power programs. Refer to 
Reference I. 1 .o for information regarding LiH performance in a neutron environment. 
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and Its Isotopic Modifications in a Crystalline State", High Temperature. 18.2:250-256. 
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1.1.1. Atomics International Document NAA-SR-MEMO-7991. Lundberg, L.B. 1962. 
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1.2 Beryllium (Be) 

Many different industrial grades of Be are available (Brush Wellman. Elmore, OH). Data for the 
structural grades of Be (S-65, S-65H. S-200F and S-200FH) are most commonly reported in the 
literature. The main differences between the various grades are impurity levels (particularly the Be0 
content) and processingffabrication 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 5-65 and S-65H material has a maximum Be0 content of 1% while the 5-200 and S-200FH 
material has a maximum Be0 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 S-65 structural grade beryllium from Reference 1.2.f (Brush 
Wellman). 

Table 1.2.t: S-65 Beryllium Composition (Brush Wellman) 

Element 
(max unless otherwise stated) Wtoh 

Be (min %) 
Be0 
Al 
C 
Fe 

1.2.2 Melting Temperature and Maximum Use Temperature 

The melting temperature of beryllium is (Reference 1.2.9): 
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99 
1 .O 

0.06 
0.10 
0.08 

Mg 
Si 

Other metallic impurities 

0.06 
0.06 
0.04 
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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 1.2.8 and 1.2.10). 

1.2.3 Density 

From Scafidi-Argentina (Reference 1.2.b) for all grades of Be, the room temperature (293K) 
theoretical density is 1.85 g/cm3. The following curve is recommended for the temperature range 
293K ST s1500K. 

where 
p = density, g/cm3 
T = temperature, K 

Dombroski (Reference 1.2.c) includes a data table of the variation in density of S-65 grade bery4lium 
(Brush Wellman) with temperature (Table 1.2.2). Figure 1.1.1 shows some slight variation (+I-0.02) is 
observed at higher temperatures because the equation was fit to data from industrially avaiible 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 Scafidi-Argentina (Reference 1.2.b) is recommended. 

Table 1.2.2: Density data for Be 

1 I Scaffldi-Argentina I S-65 Dornbrowski I 
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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 cufve for the temperature range 293K IT I1500K. 

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

Billone (Referencel.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. 

where 
k =thermal conductivity, Wlm-K 
p = fraction porosity 
T = temperature, K 
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Dornbroski (Reference 1.2.c) 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 1.2.3) 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 1.2.9 assuming zero porosity 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 ~orosity of the material (0-50% r a n d .  This - 
curve is given for T 5973K. 

273 473 673 873 1073 1273 1473 

Temperature (K) 

Figure 1.2.2: Thermal Conductivity of Be 
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Table 1.2.3: Thermal Conductivity Data for Be 

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 1.24 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 - 1 ~ 1 0 ~ '  n/cm2 
(E>0.1 MeV) and approximately 573K was within the -4% exferimental error of the unirradiated 
value. For S-200F Be irradiated to fluences of 4 . 5 ~ 1 0 ~ ~  nlcm (E>1 MeV) at 473K, the thermal 
conductivity decreased approximately 5% (Reference 1.2.j). At this time there is no recommended 
equation for irradiated thermal conductivity ofBe. 

1.2.5 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 1.2.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 1 5  
20% differences in the longitudinal and transverse thermal expansion, 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 (AUb) of Be based on data up to 1558K. The unirradiated percent change 
in length (AUb) is given by: 0 
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-- a - 8 . 4 3 ~ l 0 - ~  .(!+1.36~10" . ~ - 3 . 5 3 ~ ! 0 ' ~  . T 2 ) . ( ~ - 2 9 8 )  
Lo 

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

% Linear 
Expansion 
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273 373 473 573 513 773 873 973 1073 

Temperature (K) 

Figure 1.2.3: Linear Expanslon of Be with Data Table Included 

1.2.5.2 Unirradiated Instantaneous Coefficient of Thermal Expansion 

From Scaffidi-Argentina (Reference 1.2.b), for the temperature range 293K ST 51473K the 
unirradiated instantaneous coefficient of thermal expansion (ai) is given by the following equation. 

where 
a, = instantaneous coefficient of thermal expansion, 10' K-' 
T = temperature. K and the reference temperature is 293K 

1.2.5.3 Unirradiated Mean Coefficient of Thermal Expansion 

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

where 
a, = mean coefficient of thermal expansion, lo8 K' 
T = temperature, K and the reference temperature is 293K 
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Figure 1.2.4 includes the instantaneous coefficient of thermal expansion (a) and the mean coefficient 
of thermal expansion (a,) 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.c) 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 - . - -  Mean - - Instantaneous - S-65 Dombrwvski 

Temperature (K) 

Figure 1.2.4: Mean and lnstantaneous Thermal Expansion Coefficient of Be 

Table 1.2.4: Mean and Instantaneous Thermal Expansion Data for Be 
I I I 
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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 51% Be0 
content (S-65 Brush Wellman Be). The equation is valid for 293 fl s1558K. 

. 

where 
C, = specific heat, Jlkg-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. 

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

Dombrowski (Reference 1.2.c) 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 S-65 Be from Reference 
1.2.c andthe 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 (Te573K). 

For the specific heat of Be, the equation given by Scaffidi-Argentina (Reference 1.2.b) is 
recommended. 
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i I - - - -  Scaffidi-Argentina - - Billone i ' - S-65 Dombrowski so0 i 

0 ! 
273 473 673 873 1073 1273 1473 1673 

Temperature (K) 
Figure 1.2.5: Specific Heat of Be 

Table 1 .Z.5: Specific Heat Data for Be 
r I I 1 

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 it is 
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 5-65 Be with temperature is given by Dombrowski (Reference 
1.2.c) over the temperature range 273K IT 11273K, shown in Figure 1.2.6. Based on the limited 
data points reported, no equation is given at this time. 

Young's 
Modulus 
( G W  

o !  
273 473 673 873 1073 $275 

Temperature (K) 

Figure I .2.6: Elastic Modulus 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 fornationand 
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 ( R e f e m s  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 B ~ s h  Wellman) and HIP (S65H 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 tinear 
regressions of the data in the temperature range 293K ST 51228K (See Figures 1.1.7 and 1.1.8 
below in section 1.2.8.2). 

ViYP YS = -0.2574.T +350.1 

HIP YS = -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 (S-65, S-65H, S-200F and S- 
200FH) have been studied by many references (References 1.2.d, 1.2.k, 1.2.1 and 1.2.m) lrradiated 
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 I T  S823K and fluence range 
of 0.75 - 2.45x1d2' n/cm2 (E>1 MeV). The plot of irradiated and unirwdiated 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,o) reactions and therefore at higher temperatures He embrittlement becomes a concern 
(corresponding to 0.5 T,,,). All high temperature irradiated data (T S23K) 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 YSc = 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 0.75~10~' nlcm2 (E>lMeV). 
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I 
95% CI I 1. Irradiated ( 

@ I..., , I 

-.. 

Fits to irradiated data are 
based on data Tc823K 

0 200 400 600 800 I000 1200 1400 

Temperature (K) 

I Fiuences 0.75 - 2.45~1 O2I n/cm2 (E>1 MeV) [ 

Figure 1.2.7: Irradiated and Unirradiated Tensile Yield Strength of VHP 6e 
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Fits to irradiated data are 
based on data Tc823K 1 0 

0 200 400 600 800 1000 1200 1400 

Temperature (K) 

Fluences 0.75 - 2.45xlOz1 nlcmZ (E>1 MeV) 

Figure 1.2.8: Irradiated and Unirradiated TensileYield Strength of HIP Be 

1.2.9 Ernissivity 

Reference 1.2.9 reports the emissivity of Be for T < T,: 

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

1.2.10 Ultimate 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 ST S923K (See Figures 1.1.9 and 1.1.10 below in 
section 1.2.1 0.2). 

VHP UTS =-O.4139.T+SlS.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 multiple grades of Be (S-65, S65H, S-200F and 
S-200FH) have been studied by many references (References 1.2.d, 1.2.k, 1.2.1 and 1.2.m). 
lrradiated 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 fl 5823K and fluence range 
of 0.75 - 2.45~10~'  nlcrn2 (E>1 MeV). The plot of irradiated and unirradiated ultimate tensile strength 
data for multiple 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 TW823K. Additionally, Be has a high fast neutron cross-section for 
(n.o) reactions and therefore at higher temperatures He embrittlement becomes a concern 
(carresponding to 0.5 Tmtt). All high temperature irradiated data (T Xi23K) 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. 

HIP UTS,, = -0.8738. T + W . 6  

where 
VHP UTSi, = 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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I 
200 400 600 800 1000 

Temperature (K) 

1 Fluences 0.75 - 2.45x1OZ1 nlcrn2 (E>l MeV) I 

Figure 1.2.9: Irradiated and Unirradiated Ultimate Tensile Strength of VHP Be 
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Fib to irradiated data are 
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0 I 

Temperature (K) 

/ Fluences 0.75 - 2 . 4 5 ~ 1 0 ~ ~  nlcm2 (Ezl 

Figure 1.2.10: Irradiated and Unirradiated Ultimate Tensile Strength of HIP Be 

1.2.1 1 Poisson's Ratio 

Dombrowski (Reference 1.2.c) 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. 
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Table 1.2.6: Poisson Ratio Data for S-2OOF Be 

Orientation 

LC 

LR 

Stress Axis 

Longitudinal 

Longitudinal 

Direction of Orthogonal 
Strain 

Circumferential 

Radial 

Poisson's Ratio 

0.102 
0.064 
0.072 
0.102 
0.080 
0.105 
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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) reoorted Poisson's ratio at room tem~erature to be 0.08 +/- 

.I 
1 Orientation 
I 

TL 

TR 

0.02. deference 1.2.a'also reported that ~oisson's ratio is generally independent of temperature, 
arain size, oorosity and radiation damaae. Additional data on S-65 grade Be may be rewired to - 
validate these assumptions. 

Transverse 

1.2.12 Irradiation Swelling 

Poisson's Ratio 

0.069 
0.071 

Stress Axis 

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 ( 3 ~ )  via the following reactions: 

' ~ e  + n -. ' ~ e  + 2n (threshold energy 2.7 MeV) 

' ~ e  + 2 4 ~ e  

Direction of Orthogonal 
Strain 

Radial 

'Be + n -. 6He + 4He (threshold energy 1.4MeV) 

& ' ~ e  -. 'Li 

&'Li + n -. 4 ~ e  + 3~ (primarily thermal neutrons) 

Transverse I Longitudinal 
1 .  

0.108 
0.102 
0.058 
0.066 

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 1.2.n) 
determined that minimum swelling at high tempe&ures occurred in Be grades with the smailest grain 
size and highest Be0 content. Helium migration and the formation of large helium bubbles are limited 
by the large quantity of small Be0 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 Scafidi-Argentina (Reference 1.2.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 1.2.0), 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/cm2 (E>1 MeV) from 300-973K. Experimental 
data was obtained from S-65 and S-200F beryllium irradiated in the EBR-I1 (fast reactor). BR2 (fast 
reactor) and the ATR (PWR reactor). Swelling predictions from the ANFIBE model were reported by 
Dalle Donne to fluences of 25x10'' n/cm2 (E>lMeV) 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 1.2.1 1). Additionally. the ANFlBE predictions for swelling 
at 0.5-10 x 10" nlcm2 (E>IMeV) over the temperature range of 273-973K are shown in Figure 1.2.12. 

Efforts continue to develop the ANFlBE 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. 

ANFlBE swelling data 
I 
I~emperature Ranae of the Data 

Calculated Swelling (%) 

Figure 1.2.11: Measured Be Swelling Data Versus the ANFlBE Calculated Swelling 
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3 

273 373 473 573 673 773 873 

Irradiation Temperature (K) 973 0 
Figure 1.2.12: Predicted Be Swelling Based on ANFIBE Code 
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