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Abstract

An independent assessment has been made of the ambient and elevated temperature tensile
and fracture toughness properties of unirradiated (reference), aged (~ 2000 h at temperatures
in the range 185 to 605 C) and irradiated (2.1x10% nm™ (>1 MeV) at 200, 400 and 600 °C
(nominal)) hot isostatic (HIP) and vacuum hot (VHP) pressed S-65 and S-200F beryllium
grades as determined by SCK/CEN, Mol Belgium. The effects of material (powder
consolidation method, beryllium oxide and elemental impurity contents and grain size), test
(temperature) and irradiation (temperature, atom displacement dose and helium concentration)
variables were analysed to further the development of composition - structure - property
relationships for unirradiated and irradiated beryllium.

Although detailed microstructural examinations of the unirradiated and irradiated materials
and other investigations are required to clarify some of the present uncertainties, the results of
the analysis demonstrate that the tensile proof and ultimate strengths of the reference and aged
beryllium grades at a given test temperature increase with the inverse square root of the grain
diameter (d) in accordance with the Hall-Petch relationship. The tensile yield strengths are
also determined by the impurity elements and precipitates which increase the friction stress
opposing the movement of free dislocations in the lattice. The ductilities of the reference and
aged beryllium peak at 230-310 °C whilst the non-uniform elongations generally decreases
with increasing BeO (0.5 to 1.2%) and/or impurity contents at temperatures of 310 to 605 °C.
These observations are consistent with a change in fracture mode from brittle, transgranular
cleavage to ductile (dimple) fibrous and, possibly, intergranular with increasing test
temperature.

The beryllium grades are severely embrittled at irradiation/test temperatures of <310 °C
but some recovery of the tensile ductility occurs at > 485 °C. There is an increased tendency
to cleavage fracture at the lower temperatures, the cleavage stress of the irradiated beryllium
being dependent on d™”. The irradiated tensile samples fail by grain boundary and/or ductile
dimple fracture at the higher temperatures, the intergranular fracture probably resulting from
the stress - induced growth and coalescence of adjacent helium bubbles.

The fracture toughness values for the reference and aged beryllium are broadly in
agreement with the tensile strengths at low and intermediate temperatures and increase with
increasing reductions of a area at the higher temperatures. Irradiation markedly reduces the
fracture toughness at all temperatures but there is some recovery at ~ 600 °C; the irradiated
fracture toughness correlates reasonably well with the tensile proof stress and/or reduction of
area values.

The beryllium grades do not differ significantly in their resistance to radiation damage at
the lower test temperatures; however, the S-65 VHP and, in particular, the S-200F HIP grades
are more ductile and marginally tougher at > 435 °C




Versuchsprogramm Beryllium Verspréodung unter Bestrahlung (BSBE):
Auswertung der Zug- und Bruchzihfestigkeitstest

Zusammenfassung

Eine Auswertung der Zug- und Bruchzdhfestigkeitstests von sowohl unbestrahlten als
auch bestrahlten Beryllium-Proben wurde durchgefiihrt. Bei den analysierten Proben handelt
es sich um hot isostatic pressed (HIP) S-65 und vacuum hot pressed (VHP) S-200F
Beryllium, die bei 200 °C bzw. 400 °C und 600 °C bis zu einer Neutronenfluenz von

2.1¢10% m™ bestrahlt wurden.

Der EinfluB der Herstellungsparameter (z.B. Herstellungsmethode, Verunreinigungen,
Korngrofie usw.), sowie der Test- und Bestrahlungstemperatur auf den Materialeigenschaften
wurde untersucht.

Obwohl weitere und detaillierte mikrostrukturelle Untersuchungen notwendig sind, um das
Material vollstindig zu charakterisieren, zeigen die Analysen, dafl die Streckgrenze und die
Bruchfestigkeit des unbestrahlten Materials bei einer konstanten Temperatur mit der
Quadratwurzel der Korngrofle zunehmen (Hall-Petch Gesetz).

Das Material wird durch die Neutronenbestrahlung bei Bestrahlungstemperaturen unter
310 °C stark versprodet. Eine kleine Wiedergewinnung der Streckbarkeit wurde jedoch bei
Bestrahlungstemperaturen iiber 485 °C beobachtet.

Zusitzlich vermindert die Bestrahlung stark die Bruchzéhfestigkeit des Materials bei allen
Bestrahlungstemperaturen unter 600°C und nur bei 600°C wurde eine kleine
Wiedergewinnung dieser Eigenschaft beobachtet.

Alle Beryllium-Proben verhalten sich mehr oder weniger gleich bei niedrigen
Bestrahlungstemperaturen und sind alle spréde. Die S-65 VHP und die S-200F HIP
Beryllium-Proben sind jedoch bei Bestrahlungstemperaturen iiber 435 °C etwas duktiler und
zdher.
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BERYLLIUM IRRADIATION EMBRITTLEMENT TEST (BSBE) PROGRAMME

Assessment of the Tensile and Fracture Toughness Test Data

D.R. Harries, M. Dalle Donne and F. Scaffidi - Argentina

Introduction

1. The specifications, manufacture and qualification of the powder metallurgy (PM) beryllium
grades and the tensile, compact tension (C-T) and transmission electron microscope (TEM)
disc samples for the BSBE Programme have been detailed [1]. The thermal ageing and irrad-
iation procedures and conditions have been summarised [2][3] whilst the fast (> 0.1 and > 1
MeV) neutron fluences, displacements per atom (dpa) and helium concentrations, computed
from the fission neutron fluences measured using dosimeters located adjacent to the beryllium
specimens in the BR2 reactor irradiation rig, have been published [4]. The results of the amb-
ient and elevated temperature tensile and fracture toughness tests on the unirradiated (refer-
ence), aged (thermal control) and irradiated specimens have been documented periodically [5 -
12] and the scanning electron microscope (SEM) observations of the fracture surfaces of the
tensile samples presented [13]. However, there are errors in the tensile elongations quoted in
some of the earlier publications but the ductility values are correctly reported in the more rec-
ent documents [10 - 12]; in addition, a final SCK / CEN, Mol report of the fracture toughness
data is pending.

2. The results of an independent analysis and assessment of the tensile and fracture toughness
data for the unirradiated (reference), thermally aged [2203 hours at six temperatures in the
range 185 to 605 C] and irradiated [92.54 effective full - power days (2201 hours) in static
NaK in BR2; nominal temperatures of 200, 400 and 600°C; 4.23 and 4.37 x 10%° n.m? (> 0.1
MeV) and 2.09 and 2.08 x 10%° n.m™? (> 1 MeV) for the tensile and fracture toughness spec-
imens respectively at the maximum flux plane of the reactor] beryllium grades in the BSBE
Programme are described in this report. The principal characteristics of the materials investig-
ated, produced by axial vacuum hot pressing (VHP) or direct hot isostatic pressing (HIP) of
impact ground powders, are listed in Table I; the measured irradiation temperatures and
computed atom displacement doses and helium concentrations for the tensile and fracture
toughness specimens are given in Table II.

Table 1

Oxide and Impurity Concentrations and Grain Sizes of the Beryllium Grades

Grade BeO Content Total Impurity Average Grain
(wt. %) (Fe, C, Al, Mg, Si, etc) Diameter
Conc. (wt. %) (pam)
S-65. HIP 0.5 0.155 6.6
S-65. VHP 0.6 0.165 8.4
S-200F. HIP 0.9 0.29 7.1
S-200F. VHP 1.2 0.34 8.2




Table II

Temperatures, Displacement Doses and Helium Concentrations for the Tensile
and Fracture Toughness Specimens Irradiated in the BR2 Reactor

Irradiation Tensile Fracture Toughness
Temperature Specimens Specimens
ocC dpa appmHe | dpa  appmHe

185 1 300
200 1.6 420
230 23 600
235 2.45 715
310 0.8 240
350 1.25 330
435 1.85 500
485 2.1 610
540 2.5 750
600 23 680 2.6 700
610 2.5 680

3. The primary aim of this exercise is to further the development of composition - structure -
property relationships for unirradiated and irradiated beryllium. However, the realisation of
this objective is inhibited to some extent because of (a) the relatively large number of material
(powder consolidation process, BeO and elemental impurity contents and grain size), test
(temperature) and irradiation (temperature, atom displacement dose and helium concentration)
variables inherent in the BSBE irradiation embrittlement test programme, (b) the experimental
and statistical uncertainties in the data as, in general, only one tensile specimen and one
fracture toughness sample per condition were tested, and (c) the continued lack of detailed
knowledge of the microstructural characteristics of the unirradiated and irradiated materials.
These and other limitations of the experimental procedures, data and observations are evidenc-
ed and the additional investigations required to clarify some of the present ambiguities are
outlined in this report.

Tensile Properties

4. The effects of ageing, irradiation and test (20 - 605" C) temperature on the tensile 0.2%
proof, ultimate (U.T.S.) and fracture (load divided by the cross - sectional area at fracture)
stresses, uniform and total elongations and reductions of area of the unirradiated (reference),
thermally aged and irradiated specimens of the S-65. HIP, S-65. VHP, S-200F. HIP and
S-200F. VHP beryllium are detailed in Figs. A1, A2, A3 and A4 respectively in Appendix A.
The tests were carried out at an initial strain rate of 2.5 x 10 s™! except for the tests at 185 C
on the unirradiated (reference) specimens which were fitted with extensometers; the initial
strain rate in these tests was 5.5 x 10 s*! up to 1% elongation and 1.25 x 10 s thereafter.
The influences of ageing and irradiation at 185 and 235 C on the ambient temperature propert-
ies and at 310, 485, 540 and 605°C on the 250 C properties of the respective beryllium grades
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are presented in Figs. B1, B2, B3 and B4 in Appendix B.

5. Tensile tests were also performed at ambient temperature and 400 C and initial strain rates
of 2.5 x 10 and 8.33 x 10”° s*! on the round samples used in the BSBE Programme and the
larger specimens employed by Brush - Wellman Inc. (BWI) (gauge lengths of 13.2 and 32 mm
and diameters of 3.2 and 6.36 mm respectively) [11]. The tensile strengths and ductilities of
the S-65C. VHP beryllium used in these tests are compared in Fig. 1 and show little or no
effects of the initial strain rate and specimen dimensions within the ranges investigated.

Unirradiated (reference) and aged materials

6. The data plotted in the figures in Appendix A show that prior thermal ageing does not have
a statistically significant influence on the proof and ultimate tensile strengths of the unirradiat-
ed (reference) beryllium. The strength values decline progressively with increasing test
temperature, the magnitudes of the reductions decreasing in the order S-65 HIP (Fig. Al),
S-200F HIP (Fig. A3), S-200F VHP (Fig. A4) and S-65 VHP (Fig. A2).

7. The uniform and total elongations and reductions of area of the unirradiated (reference)
beryllium are all relatively small in the tests at ambient temperature, increase to maxima at
about 300 C and then decrease at temperatures up to 605 C; the deformation at the higher test
temperatures occurs predominantly in a non - uniform manner. The highest ductilities at
temperatures = 300 C are shown by the S-65. VHP grade (Fig. A2), followed by the S-65.
HIP (Fig. Al) and S-200F. HIP (Fig. A3) materials. The ductilities (total elongations and
reductions of area) of the reference S-200F. VHP beryllium (Fig. A4) are considerably lower
than those of the other grades at all temperatures, being < 3.5 and ~ 2% at 540 and 605 C
respectively; the corresponding total elongation and reduction of area values for the other
grades are > 10 and = 15%. Ageing does not significantly affect the uniform elongations of
the reference beryllium but increases the total elongations and reductions of area of the
S-200F. HIP (Fig. A3) and VHP (Fig. A4) beryllium at temperatures of 455, 540 and 605 C
and of the S-65. VHP grade (Fig. A2) at intermediate temperatures (230 - 455'C). It follows
that ageing enhances the non - uniform ductilities of these materials by modifying the ductile
fracture process. The ductilities of the S-65. HIP beryllium (Fig. A1) are not influenced by the
prior thermal ageing at all temperatures.

8. Thermal ageing at 185 and 230 'C and at temperatures in the range 310 - 605°C has only a
small or negligible effect on the tensile strengths and ductilities of the beryllium grades in tests
at ambient temperature and 250°C respectively [Figs. B1, B2, B3 and B4 in Appendix B].
These data also confirm that the S-200F. VHP beryllium (Fig. B4) is significantly less ductile
than the other grades at both ambient temperature and 250°C.

9. The present and other published data on the ambient and elevated temperature tensile
properties of longitudinal specimens of S-65. VHP beryllium (analyses and grain sizes given in
Table I1T) are compared in Fig. 2. There are relatively small differences in the proof stresses
but the behaviour with respect to test temperature is similar (Fig. 2a); the U.T.S. data are,
with few exceptions, in excellent agreement at all temperatures from ambient to 650 C (Fig.
2b). Whilst all the data show maximum ductilities at 300 - 400°C, the reduction of area values
for the BSBE § - 65. VHP beryllium in the reference condition are considerably lower than
those for the other lots at temperatures in the range 200 - 500 C. (Fig. 2c and d). However,
prior thermal ageing enhances the ductilities of the BSBE beryllium such that the values
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Table ITI

Analyses and Grain Sizes of S-65. VHP Beryllium

Grade |[LotNo.| BeO Impurity Content Grain | Ref
wt. % wt. % Size
Fe C Al Mg Si Ni um

S-65C | 4880 0.64 | 0.067 0.038 0.023 0.003 0.026 <0.002 9 14
S-65C | 4971 0.6 |0.062 0.012 0.019 <0.01 0.016 0.013 9 15

S-65B 0.98 0.09 <0.1 0.018 <0.003 0.026 18-20| 16

S-65C 17

S-65C 4784 0.6 006 0.03 002 <0.01 003 <0.04 8.4 |(BSBE
Prog.

approach or coincide with those of the other batches.

10. The 0.2% proof stresses and total elongations of the S - 200F. VHP beryllium tested in
the BSBE Programme and in other investigations [17 - 19] are compared in Fig. 3a and b. The
proof stresses are in reasonably good agreement at test temperatures up to about 500 C but
the values for the BSBE lot are somewhat lower at higher temperatures. The total elongations
for the BSBE material in the reference condition are also much lower at the higher test temp-
eratures due to reduced non - uniform (necking) ductilities, however, thermal ageing again
increases the high temperature elongations so that the values become comparable. The
differences in behaviour are tentatively ascribed to differences in the BeO and impurity conc-
entrations and distributions. The SEM examinations of the fracture surfaces revealed a high
density of small BeO particles with which small pores are associated in the S - 200F. VHP
BSBE lot [13]. In addition, the low ductility values at the high temperatures may be attributed
to the high aluminium content (0.05 wt.%) as it is reported that this elemental impurity at the
grain boundaries liquates and nucleates intergranular cracking at temperatures above 500 C
[20]. This detrimental influence of the aluminium on the high temperature ductility may be
negated by the formation of the higher melting point AlFeBe4 intermetallic compound during
the thermal ageing; it is often the practice to initially heat treat the beryllium at a temperature
of about 870°C followed by step cooling to promote the formation of this phase [15]. How-
ever, analytical TEM examinations are required to clarify the reasons for the observed differ-
ences in behaviour and the effects of thermal ageing on the microstructures.

11. The absolute values and temperature dependences of the tensile 0.2% proof and ultimate
strengths and ductilities (uniform and total elongations and reductions of area) for the unirrad-
iated (reference) and thermally aged materials are also in good agreement, allowing for the
disparities in the BeO and impurity contents (and, possibly, distributions) and the different test
temperatures employed in the respective studies, with the reported data [20] for impact
ground S - 65B. VHP (1.0% BeO), S - 200F. VHP (1.5% BeO) and S - 200F. HIP (1.5%
BeO) beryllium.

12. The SEM examinations of the fracture surfaces show transgranular cleavage failure of the
S-65. HIP specimens in the tests at ambient temperature [13]; ductile crack initiation precedes
transgranular cleavage crack propagation at 230 C whilst ductile dimple fracture predominates
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at the higher test temperatures. These observations are generally consistent with those report-
ed in the literature [14][20]; failure at temperatures up to 200°C occurs by cleavage, ductile/
fibrous fracture takes place at 200 - 500°C, and some beryllium grades exhibit an increasing
tendency to fracture intergranularly at higher temperatures.

13. The hexagonal close packed (hcp) beryllium crystal deforms by slip on the basal (0001)
and prismatic (1010) planes (Fig. 4) at ambient and elevated temperatures. At temperatures
below about 200°C the shear stress for the activation of prismatic slip is relatively high and slip
on the basal planes is favoured (Fig. 5). Dislocations are piled up against a grain boundary as a
result of coarse slip within the grain, resulting in an intense tensile stress field on one side of
the slip band and compressive on the other side (Fig. 6). The tensile stress concentration may
be alleviated by slip in the adjacent grain if it is suitably oriented, otherwise the combined
tensile stress from the slip and the externally imposed stress can result in the initiation of a
crack; the crack propagates rapidly to produce cleavage or pseudo - cleavage transgranular
failure along the (0001) basal planes or is arrested following a reduction of the stress concen-
tration at the crack tip by plastic flow. The critical stress for prismatic slip approaches that for
basal slip with increasing temperature above 200°C and both slip systems become operative;
the critical stress for cleavage fracture increases, the beryllium thus becomes more ductile and
fails by fibrous fracture at temperatures up to 500 or 600°C.

14. The load - displacement (tensile stress - strain) curves are illustrated schematically in Fig. 7
and reflect the changes in the deformation and fracture modes of the beryllium with increasing
test temperature (and after irradiation as discussed later). The stress - strain curves for the
unirradiated (reference) and aged samples of all the beryllium grades tested at ambient temper-
ature and 185 C are of type (b) [fracture after a small amount of plastic deformation] or (c)
[fracture after significant uniform plastic deformation but with little or zero non - uniform
(necking) elongation]. The stress - strain curves at the higher test temperatures (230 - 605 C)
are generally of types (d), (e) or (f), with fracture occurring after significant non - uniform
deformation following either extensive or limited uniform elongation. However, the unirradiat-
ed (reference) and thermally aged S-200F. HIP samples differ from those of the other grades
in showing yield point behaviour as exemplified in the load - displacement curves at ambient
temperature, 310 and 605 C reproduced in Figs. 8, 9 and 10 respectively. The main character-
istics are as follows:

Ambient Temperature: The linear (elastic) region is followed by a yield point, with a
relatively small yield point drop, and Luders extension; there is significant uniform deformat-
ion and work hardening up to a maximum load at which fracture occurs with no non - uniform
(necking) deformation.

310°C: The elastic portion is followed by distinct upper and lower yield points and a small
Luders extension,; there is limited work hardening and little uniform deformation; the load
decreases progressively to fracture with extensive non - uniform deformation (necking elong-
ation) and reduction of area.

605°C; The linear elastic portion is followed by a very restricted work hardening region and
limited uniform deformation; there is no indication of a yield point although serrated yielding is
observed in some instances; the load decreases progressively to fracture with significant non -
uniform ductility.




15. Both "normal purity" and high BeO content beryllium exhibit yield points [21]. The yield
point behaviour has also been observed in tensile tests on S - 65C. VHP beryllium (0.6% BeO,
185 ppm Al, 620 ppm Fe, 130 ppm Ni, 160 ppm Si, 120 ppm C, others < 100 ppm each) at an
initial strain rate of 1.1 x 10#s™! and temperatures in the ranges 100 - 415 C and 25 - 500 C
for specimens machined in the longitudinal and transverse orientations respectively [15]; the
detection of the upper and lower yield points was facilitated by the attachment of extensomet-
ers to the test samples in this investigation.

16. The yield point phenomenon is attributed to the locking of the dislocations by impurity
atoms or precipitates of AlFeBes or FeBe,; as discussed in refs. [15][21]; in addition, the
serrated yielding shown by the S-200F. HIP in the tests at 605°C (Fig. 10) may be due to
dynamic strain ageing as a result of the transient locking of the glissile dislocations. However,
the reason why the yield point phenomenon is not exhibited by some of the other beryllium
grades tested in the BSBE Programme is not apparent at this stage.

17. It has been noted previously {21 - 23] that the tensile strengths of S-200F and other
beryllium grades are dependent on d2 , where d is the grain diameter. The tensile proof and
ultimate stresses of the present beryllium grades at the respective test temperatures increase
with decreasing grain size and can also be correlated with d7 as shown in Figs. 11 and 12.
However, there is an indication that the 0.2% proof stress - d? correlations differ for the S-65
and S-200F grades at the lower test temperatures, the data for the latter lying above those for
the former. In addition, the U.T.S. - dz relationship for the aged beryllium specimens appears
to differ from that for the unirradiated (reference) samples at the higher test temperatures,
particularly 540°C. ~

18. The Hall - Petch relationships between the tensile lower yield (¢y) and brittle fracture
(o¢) stresses and d, originally derived for iron and mild steels, are as follows [24][25]:

where o; is a measure of the friction stress opposing the movement of free dislocations
in the lattice and can be divided into two terms [26]:

where o is the resistance of the lattice itself to dislocation movement,
o, is the hardening caused by impurities, precipitates, other dislocations, clusters of
point defects, helium bubbles, etc. in the lattice, and
k is a measure of the tensile stress required to initiate plastic yielding in the grains
ahead of the plastic front and, hence, the dislocation locking stress which is
normally sensitive to both the test temperature and rate of straining.

where k¢ is a measure of the tensile stress needed to crack the metal at the tip of a slip
band or pile up of dislocations and is generally independent of temperature and
rate of straining.




These situations have been depicted in Fig. 6.

19. The stress - strain curves for the S-200F. HIP beryllium samples exhibiting the yield point
phenomenon have been analysed to determine the parameters o; and k by extrapolating the
work - hardening portions of the stress - strain curves back to the elastic line as shown in
Fig. 13. The work - hardening region is accurately described by the relation:

where o is the true stress, ¢ is the true strain and K and n are constants.

Thus, extrapolating the true stress - true strain work - hardening portion of the curves back
to zero plastic strain enables the values of o; and k to be determined. The results show that the
lower yield stresses are determined principally by o; which decreases progressively with
increasing test temperature for both the unirradiated (reference) and thermally aged S-200F.
HIP beryllium,; the dislocation locking term is relatively independent of test temperature and

prior history, the values of kd’? =~ 20 MPa being sensibly constant.

20. A linear correlation between the tensile total elongation at ambient temperature and the
inverse square root of the grain diameter for beryllium has been reported [21] but such a
correlation could not be established at any test temperature with the BSBE data.

21. Ductile fracture in tension occurs by the nucleation of voids as a result of the cracking or
decohesion of hard particles in a soft matrix. The voids grow in three dimensions under the
triaxial stress system established during the non - uniform (necking) deformation or at the root
of a notch in tension. The voids eventually touch and the ligaments of matrix material extend
so that each particle on the fracture surface lies in a dimple surrounded by edges and points.
The rate of increase of void size is therefore dependent on the plastic strain, stress and stress
state and the following expression has been derived for the critical limit to void growth for
ductile fracture [27][28]:

§ 0.283 exp.(30m/200) ey = N R/Ro Yo oo (5)

where o, and o, are the mean and effective stresses, &, is the effective plastic strain and
(R/Ro). is the critical ratio of void growth for fracture.

22. The uniform and total elongations, the reduction of area values and the 0.2% proof
stresses for the unirradiated (reference) beryllium at each test temperature are plotted as a
function of the BeO content in Fig. 14. There is no systematic correlation of the ductility para-
meters with the BeO content at ambient temperature, 185 and 230 C; the beryllium specimens
deform uniformly and fracture occurs in a relatively brittle manner without necking and the
establishment of a triaxial stress system at these temperatures. Nevertheless, the non - uniform
ductilities at the higher test temperatures (310 - 605°C) decrease with increasing BeO content
in the range 0.6 - 1.2%, this effect is tentatively attributed to the progressively increasing
influence of the BeO inclusions acting as cavity nucleation sites and thereby facilitating ductile
fracture. The behaviour of the S-65. HIP grade, with a BeO content of 0.5%, does not appear
to be entirely consistent with this hypothesis as the ductilities are generally lower than those of
the S-65. VHP containing 0.6% BeO. However, the strengths of the S-65. HIP grade at the
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relevant test temperatures are considerably greater than those of the S-65. VHP and the other
beryllium grades, particularly at 540 and 605°C, thereby promoting ductile fracture and result-
ing in reduced ductilities. Furthermore, since the tensile strengths are proportional to d ,a
fine grain size has an indirect effect in promoting ductile failure and lower ductilities at the
higher test temperatures.

23. The effects of the BeO and impurity element contents on the reduction of area values for
the unirradiated (reference) and thermally aged beryllium grades at test temperatures of 310,
455, 540 and 605°C are shown in Fig. 15. The enhancement of the non - uniform deformation
and associated improvements in ductilities produced by the ageing are particularly evident in
the grades with the higher BeO and impurity concentrations tested at 455, 540 and 605 C;
these berneficial effects of ageing are tentatively attributed to the reduced segregation of the
impurity atoms at the BeO - matrix and other interfaces as a result of their precipitation as
AlFeBey4 and/or FeBe); intermetallic compounds, thereby inhibiting micro - void growth and
coalescence and increasing the resistance to ductile fracture.

24. Intergranular failures of metals and alloys at elevated temperatures generally occur by
wedge or cavitation fracture. Wedge cracks are formed at grain boundary triple junctions as a
result of the stress concentrations produced by grain boundary sliding if the applied shear
stress (os) exceeds a value given by the Stroh relationship [29]:

PO SUIV L 3 9 R (6)

where v is the effective surface energy for grain boundary fracture, G is the shear modulus
and L is the length of the sliding boundary.

2’)/ = 2')’3 Bt 7€ - T P P T (7)
where s and ygp are the surface and grain boundary energies respectively

Assuming that L is determined by the grain diameter d, v =1 N.m™ and G = 135 GPa, it is
calculated that critical applied tensile stresses ( = 20s) of 560 and 495 MPa are required to
nucleate intergranular wedge cracks in the present beryllium grades with grain diameters of
6.6 and 8.4 um respectively. These stresses are well in excess of the ultimate tensile strengths
and fracture stresses at test temperatures of = 500 C and consequently grain boundary wedge
cracking would not be expected in the present beryllium grades.

25. There are several possible nucleation sites for grain boundary cavitation failures during
testing at elevated temperatures, the favoured being non - wetting particles. The cavities grow
by grain boundary vacancy diffusion and eventually coalesce to form intergranular cracks if the
applied tensile stress (g¢) exceeds a value given by [30]:

Ot = 29/ COSZB oo, (8)

where r is the radius of the cavity and {3 is the angle between the normal to the grain
boundary and the axis of the tensile stress.

This reduces to oy = 2+/r for grain boundaries normal to the applied tensile stress direction.

8




Again taking ¥ = 1 N.m™!, it follows that cavities with radii of <20 nm lying on the trans-
verse boundaries will grow at temperatures at which grain boundary vacancy diffusion is
sufficiently rapid if the applied tensile stresses are = 100 MPa. Thus, small non - wetting BeO
particles and pores, high densities of which have been detected in the S-200F. VHP beryllium
[13], could act as cavity nuclei for grain boundary fracture during the high temperature tensile
testing. However, other intergranular precipitates can inhibit the grain boundaries acting as
perfect sources and sinks for vacancies [31], in which case plastic growth by dislocation creep
may become the dominant cavity growth process [32].

Irradiation effects

26. The effects of irradiation and test temperature on the tensile strengths and ductilities of the
respective beryllium grades are included in Figs. Al to A4 and B1 to B4 in Appendices A and
B respectively.

27. The data in Figs. Al to A4 show that all the beryllium grades exhibit significant radiation
hardening (as evidenced by the increases in proof and ultimate tensile stresses) at irradiation /
test temperatures of 185 to 485 or 540°C and severe embrittlement (decreases in the uniform
and total elongations and reductions of area) over the whole irradiation / test temperature
range investigated. The hardening is most pronounced at the lower temperatures of 230 and
310°C; progressive recovery of the radiation damage occurs with increasing irradiation / test
temperature so that the proof and ultimate stresses are either unaffected (Figs. A2, A3 and
A4) or reduced at 540 and about 600 C in the case of the S-65. HIP beryllium (Fig. Al). Part-
ial recovery of the ductilities of the S-65. HIP (Fig. A1), S-65. VHP (Fig. A2) and S-200F.
HIP (Fig. A3) beryllium also occurs at 485 and/or 540 C. but the total elongations of the
S-200F. VHP grade remain at < 1% at these temperatures. The elongations and reduction of
area values of all grades, apart from the S-200F. VHP beryllium which exhibits low ductilities
in the unirradiated (reference) condition, are again reduced on testing at the higher temper-
atures of 540 and/or 600°C. The maximum radiation hardening and embrittlement are generally
produced at about 310°C. even though the displacement doses and helium concentrations
induced during the irradiation at this temperature are minimal (Table II).

28. All the tensile stress - strain curves for irradiation / test temperatures of 230 and 310 C are
of type (a) (Fig. 7) [fracture within the elastic range] whilst those for the beryllium grades
irradiated and tested at 185 C are either of type (a) (S-65. HIP), type (b) (S-65. VHP) or (c)
(S-200F. HIP and VHP) [fracture after a small amount of uniform plastic deformation but
without any necking]. The specimens irradiated and tested at the higher temperatures of 485,
540 and 600 C show plastic instability; the stress - strain curves are mainly of types (e) or (f)
[fracture after limited uniform elongation but significant non - uniform deformation] although
some samples exhibit type (c) (S-200F. VHP and $-65. HIP at 485 and 540°C respectively) or
(d) (S-65. VHP at 540°C) [fracture after appreciable uniform and non - uniform deformation].

29. The specimens irradiated and tested at temperatures up to 485°C fail primarily by brittle
cleavage fracture but with some intergranular decohesion in the S-200F. VHP beryllium [13];
pronounced intergranular cracking and isolated regions of ductile dimple (micro void coalesc-
ence) are evident in the fracture surfaces of the samples following reactor exposure and testing
at higher temperatures.

30. There is little to choose between the various grades with respect to radiation damage
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resistance at the lower temperatures (< 310 C) as they are all very brittle. However, the
ductilities of the S-65. HIP beryllium are marginally superior at 485 C whilst the S-65. VHP
and S-200F. HIP grades are slightly more ductile at 540 and ~ 600 C.

31. The data in the figures in Appendix B show that irradiation at 235°C produces large
increases in the proof and ultimate tensile strengths of the S-65. VHP beryllium in the room
temperature tests whilst the reactor exposures at 185 and 235°C also reduce the ductilities to
virtually zero. The irradiations at temperatures in the range 310 to 600°C also increase the
tensile strengths and decrease the ductilities in the tests at 250°C but the magnitudes of the
hardening and embrittlement are reduced following irradiation at 600 C. The influence of the
irradiations at 185 and 235 C on the room temperature strength properties are not as pronoun-
ced for the-S-65. HIP beryllium but the ductilities are again reduced to very low values. The
post - irradiation ductilities of the S-65. HIP material at 250°C are marginally superior to those
of the S-65. VHP grade except after exposure at 600°C whilst the magnitudes of the irradiat-
ion embrittlement are smaller due to the lower unirradiated non - uniform ductilities of the
former. The ambient temperature ductilities of the S-200F. HIP and VHP grades are also
severely reduced after irradiation at 185 and 235°C, whilst significant hardening and loss of
ductility at 250°C occur following irradiation at the higher temperatures; the magnitudes of the
hardening decrease with increasing irradiation temperature and there is again some recovery of
the ductility of the HIP grade after exposure at 600°C.

32. Most of the previously published data on the effects of irradiation on the mechanical
properties of beryllium was generated on grades which are now obsolete; these earlier radiat-
ion hardening and embrittlement data have been reviewed elsewhere [33]. However, the
effects of neutron irradiation on current beryllium products, including Brush Wellman VHP
S-65C (0.64% BeO) [14], S-65B (0.98% BeO) [16] and S-200F (1.2% BeO) [34] as well as
various Russian grades (< 1.2% BeQ) [35][36], have also been investigated in recent years.
The materials were irradiated in mixed spectrum fission reactors to displacement doses of <3
dpa and helium concentrations of < 1140 appm at temperatures in the range 110 to 650°C
[14][16][34] and in the BOR-60 fast reactor to 5 - 10 dpa and an average helium concentrat-
ion of about 500 appm at temperatures of 350 to 800 C [35][36]. The trends in the data
obtained in the post - irradiation tensile and bend tests at temperatures ranging from ambient
to 800 C are generally similar to those observed in the BSBE Programme.

33. The radiation hardening and embrittlement at the lower irradiation / test temperatures
result from the formation of vacancy and interstitial point defects, defect clusters, dislocation
loops and intragranular helium bubbles. Theoretical considerations based on the cutting of the
irradiation - induced obstacles by dislocations have shown that the lattice hardening is initially
proportional to the square root of the neutron fluence (4t) or displacement dose (dpa), this
dependency being obtained essentially as follows [37][38]:

If N is the number of clusters per unit area on the slip plane and 1 is the average spacing of
the clusters, then:

The stress (o) required to move a dislocation is given by:
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0. o« Gb/1 (10)
where b is the Burgers vector of the dislocation.

Thus:; .
1
oc o GONZ ... (1)

N is proportional to the neutron fluence (or displacement dose) in the early stages of the
irradiation so that the increase in stress (Ao, ) required to move the dislocation is:

Ade = A(¢t)? or B(APa)? ooovveeeeoeo (12)
where A and B are constants.

However, the number of new obstacles formed during a given increment of fluence (or
displacement dose) decreases as the fluence increases so that a saturation effect is obtained.

34. It has also been proposed [39] that the increased yield stress due to the pinning of the
glissile dislocations by the intragranular helium bubbles is given by the following relationship:

G = Gu + Gb (NoTo)T oo (13)

where ¢j, is the yield strength of the irradiated beryllium, g, is the unirradiated yield
strength, Ny, is the number of bubbles per unit volume and r, is the radius of the
intragranular bubbles.

This relationship has been successfully applied to predict the effects of irradiation on the yield
strengths in earlier studies on hot pressed and extruded beryllium [40].

35. The 0.2% proof stresses for the unirradiated beryllium and for the irradiated beryllium
grades exhibiting measurable plastic deformation prior to failure, together with the fracture
stresses for cleavage, are shown as a function of irradiation and/or test temperature in Fig. 16.
The cleavage fracture stress is reached before general yielding in most of the beryllium
specimens tested at the lower temperatures as shown schematically in Fig. 17; the radiation
damage enhances the shear stresses for basic and prismatic slip without significantly affecting
the cleavage fracture stress so that the temperature at which some plasticity is restored is
increased relative to that for the unirradiated beryllium. Furthermore, the data plotted in Fig.

18 show that the cleavage fracture stresses are proportional to dz , in accordance with the
Hall - Petch relationship [equation (3)].

36. Recovery of the strengths and, to a limited extent, the ductilities occurs at the higher
irradiation / test temperatures as a consequence of the annealing and annihilation of the point
defects and clusters and coarsening of the intragranular helium bubbles. However, the
ductilities may be further reduced at the high temperatures as the helium bubbles nucleated on
the grain boundaries orthogonal to the applied tensile stress can grow continuously by the
grain boundary vacancy diffusion process if the stress exceeds a critical value, assuming ideal
gas behaviour, given by [41];
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where 1y is the initial radius of the grain boundary gas bubble.

It follows, again assuming v = 1 N.m™!, that helium bubbles with radii equal to or in excess
of 7.6 nm lying on transverse grain boundaries will grow by this process at stresses of = 100
MPa. The bubbles nucleate cavities which enlarge and coalesce to form cracks, resulting in
premature intergranular failure with low ductilities in beryllium irradiated and tested at temper-
atures sufficiently high for the vacancies to be mobile. It is the fracture and not the deformat-
ion mode which is modified in this high temperature irradiation (helium) embrittlement process
so that the ultimate tensile and proof stresses are not, in general, significantly affected.

7

Fracture Toughness

37. The fracture toughness tests were conducted on plain sided compact - tension (C-T) disc
specimens (W = 16 mm, B = 8 mm) [1]. The specimens were machined in the L-R orientation
from the cylindrical VHP billets, that is, with the diameter parallel to the direction of pressing
(L) and crack propagation in the radial (R) direction, and in the L-T orientation, where T is
the thickness (minor dimension), from the rectangular HIP billets.

38. Preliminary fracture toughness tests on the C-T specimens of the S - 200F. HIP beryllium
were performed at the South West Research Institute, San Antonio, Texas [42]; the results on
two disc specimens satisfied the ASTM E - 399 validity requirements for plane strain LEFM
tests on beryllium [43][44] and yielded consistent K, values of about 9.90 MPa/m [1].

39. All the C-T specimens in the BSBE Programme were fatigue pre - cracked according to
the ASTM E - 399 standard [45]. It was established, in agreement with previous experience
with beryllium [20][46], that the cracks, once initiated, propagated rapidly to failure unless a
negative R value (ratio of minimum to maximum stresses) was used. Thus, a typical R value of
about - 2.5 was employed and the maximum stress intensity factor (Kmax ) was maintained at
<9 MPa /m during the fatigue pre - cracking.

40. The load - dlsplacement curves were linear for most of the umrradlated (reference) and
thermally aged specimens tested at temperatures below about 250°C and for the majority of
the irradiated (fatigue cracked before reactor exposure) samples. The fracture toughness, Kq,
was therefore determined according to the recommended LEFM procedure and the K. values
quoted if all the ASTM validity requirements [43][44] were satisfied. The load - displacement
curves for the unirradiated specimens tested at = 250 C and some of the irradiated samples
tested at the higher temperatures were not linear. The fracture toughness was therefore
evaluated according to the EPFM J - integral procedures [47]. The equivalent stress intensity
factor Kyc (= +JE/1-v?)represents the fracture toughness when the fracture occurs in an
unstable manner. However, it was difficult to define the point at which the crack initiated
when the fracture occurred in a stable manner and the fracture toughness (K jc rmax ) Was there-
fore determined at the maximum load.

41. The fracture toughness values for the S-65 (HIP and VHP) and S-200F (HIP and VHP)
beryllium grades are plotted as a function of ageing, irradiation and/or test temperature in
Figs. C1 and C2 in Appendix C, the influences of (2) ageing at 185 and 230 °C and irradiation
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at 200 and 235 C on the fracture toughness at ambient temperature, and (b) ageing at temper-
atures in the range 310 to 605 C and irradiation at 350, 435, 600 and 610 C on the fracture
toughness at 250 C are shown in Fig. D1 in Appendix D.* The principal observations

may be summarised as follows:

(i) The fracture toughness of the unirradiated (reference) beryllium grades increases with
increasing test temperature up to a maximum at 455 C (S-65. VHP, S-200F. HIP and VHP) or
540 C (S-65. HIP) and then decreases at higher temperatures.

(i) Thermal ageing at 455 C increases the fracture toughness of all the beryllium grades in the
tests at this temperature; the prior ageing has relatively little effect at the other test temperat-
ures except in the case of the S-200F. VHP beryllium where there is a reduction of the fract-
ure toughness at the lower temperatures and an increase at about 600 C.

(1ii) The fracture toughness at all test temperatures above ambient are significantly higher for
the unirradiated (reference) S-65 beryllium in the VHP than in the HIP condition. The
differences between two S-200F grades are less pronounced but the fracture toughness of the
VHP material appears to be superior to that of the HIP at test temperatures of < 350°C, is
approximately the same at 455 C and is inferior at 540 and about 600°C. However, prior
thermal ageing generally reduces the differences between the respective VHP and HIP grades.

(iv) The fracture toughness values of the S-65 and S-200F HIP grades in the unirradiated
condition are comparable at all temperatures whereas they are vastly superior for the S-65.
VHP compared to the S-200F. VHP beryllium over the whole test temperature range.

(v) Irradiation has an extremely detrimental influence on the fracture toughness of the
beryllium grades at all irradiation/test temperatures, the irradiation - induced reductions being
most pronounced at about 450 C; the toughness at temperatures of < 230°C is often reduced
to below the fatigue pre - cracking level of about 9 MPa./m but some recovery is evident
above about 435 C.

(vi) The differences in the fracture toughness of the respective beryllium grades in the
irradiated condition are relatively small, with the exception that the S-200F. HIP beryllium is
much more ductile at irradiation/test temperatures of 435°C and, to a lesser extent, 600 C.

(vii) Ageing at 185 and 230 C has little effect but irradiation at 200 and 230 C reduces the
ambient temperature fracture toughness of all the beryllium grades (Fig. D1 in Appendix D).
The ageing produces small increases in the 250 C fracture toughness of the S-65. HIP and
S-200F. HIP materials but substantially raises that of the S-65. VHP and, possibly, that of the
S-200F. VHP beryllium. The irradiation significantly decreases the fracture toughness in the
tests at 250°C but the values tend to be higher than those of the irradiated samples tested at
room temperature; the fracture toughness values at 250°C also show moderate recovery for all
the materials, except those of the S-200F. HIP grade, following irradiation at 600 and 610°C.

42. The ambient temperature fracture toughness values of about 11 MPa /m for the

* The quoted fracture toughness values may be adjusted when the results of continuing studies
at SCK / CEN, Mol, aimed at defining the ductile crack initiation point more precisely, are
available.
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unirradiated beryllium grades are in reasonably good agreement with those reported in the
literature. Thus, the Ko (Kic) values for HIP and VHP beryllium produced using different
powder production techniques and with BeO contents of 0.37 - 1.7% and grain sizes of 7.2 -
13.2 pm range from 9.1 to 10.6 MPa./m' for specimens machined in the L-T orientation and
9.2t0 13.6 MPa/m for the T-L orientation [20]. Other plane strain fracture toughness tests
give Ko values increasing from approximately 8 to 16 MPa /m with increasing test temper-
ature from - 200 to + 270 C for S-200E beryllium [48] and about 9 MPa./m at room temper-
ature and 300 C for high strength beryllium [49].

43. The fracture toughness values decrease progressively with increasing tensile proof and/or
ultimate stresses for the unirradiated (reference) beryllium grades at test temperatures in the
range 185 to 455 C [Fig. 19 (a) and (c¢)] and for the thermally aged materials at 185, 230 and
310°C [Fig. 19 (b)]. These inverse dependences of the fracture toughness on the tensile
strengths imply that an increased grain size within the range 6.6 to 8.4 pm and reduced lattice
hardening enhance the toughness at the low and intermediate test temperatures investigated in
the BSBE Programme. However, the fracture toughness of the beryllium in the unirradiated
(reference) condition at test temperatures of 540 and 605°C and of the thermally aged grades
at 455°C increase with increasing reduction of area values in the tensile tests at the same temp-
erature [Fig. 19 (d)]]. It follows that the fracture toughness of the beryllium at these higher
test temperatures are reduced with increasing concentrations of BeO, other coarse inclusions
and precipitates, and / or impurity elements; these features may restrict the non - uniform
deformation in the tensile tests by promoting intragranular microvoid nucleation and coalesc-
ence and intergranular cavitation failures. It is noted, however, that an increase in purity is
claimed to have only a limited beneficial effect on the ambient temperature fracture toughness
of hot pressed beryllium stock [21][40].

44. Although the irradiation and test temperatures, displacement doses and helium concentrat-
ions are not precisely the same, the data in Fig. 20 illustrate that the tensile proof stresses and
reductions of area and the fracture toughness exhibit similar dependences on the BeO (and / or
impurity) content of the beryllium. The superior toughness of the S-200F. HIP grade and the
inferior toughness of the S-200F. VHP material in the post - irradiation tensile and fracture
toughness tests at 485 and 435 C respectively are again apparent.

45. There is a paucity of data on the effects of irradiation on the fracture toughness of beryll-
ium. The only publication records a reduction of 60 and 68% in the fracture toughness of hot
pressed nuclear grade and porous beryllium (initial values of 12 and 13.1 MPa /m ) respect-
ively following irradiation at 66 C to 3.5 - 5.0 x 10%° n.m2 (> 1 MeV) [50].

Conclusions

46. The main conclusions of this assessment are as follows:

(1) The tensile proof and ultimate strengths of the HIP and VHP S-65 and S-200F beryllium
grades in the unirradiated (reference) and thermally aged conditions decrease progressively
with increasing temperature from ambient to 605°C and, at a given temperature, increase with
the inverse square root of the grain size (d) in accordance with the Hall - Petch relationship.

(i) The results of an analysis of the tensile stress - strain curves for the S-200F. HIP beryll-
ium suggest that the yield stresses are determined principally by the impurities, precipitates,
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etc. which increase the lattice friction stress opposing the movement of free dislocations.
However, the tensile strengths do not show a consistent dependence on the BeO content of
the beryllium within the range of 0.5 to 1.2%.

(iii) The tensile ductilities of the unirradiated beryllium increase to a maximum at 230 - 310°C
and then decrease at higher temperatures; thermal ageing increases the non - uniform ductilit-
ies of the S-200F grades in tests at 455 - 600°C, possibly as a result of the redistribution and/

or precipitation of the impurity atoms.

(iv) The non - uniform tensile ductilities generally decrease with increasing BeO and/or

. . . ) .

impurity content at test temperatures in the range 310 to 605 C; however, there is no strong
correlation between the ductility and grain size although other observations suggest a total

elongation - d dependency.

(v) The present observations on the unirradiated (reference) and aged tensile tested beryli-
ium samples are consistent with a change in primary fracture mode from brittle transgranular
cleavage to ductile (dimple) fibrous and, possibly, intergranular with increasing temperature.

(vi) TIrradiation produces marked embrittlement at irradiation/test temperatures of 185, 235
and 310°C but there is some recovery of the ductility at the higher temperatures of 485, 540
and 600°C. The enhanced tendency to cleavage fracture at the lower temperatures is associat-
ed with a larger irradiation - induced increase in the yield than in the fracture stress; the
cleavage fracture stress is dependent on d , again in agreement with the Hall - Petch relation.
The irradiated samples show intergranular and/or ductile dimple fracture at the higher temper-
atures; the intergranular cracking probably results from the stress - induced growth and
coalescence of adjacent grain boundary helium bubbles.

(vii) There is little to chose between the various beryllium grades in respect of their resistance
to radiation damage at the lower irradiation/tensile test temperatures (< 310 C) as they are all
brittle; however, the S-65 VHP and, in particular, the S-200F HIP grades are more ductile at
435 to 600 C.

(viii) The fracture toughness values for the unirradiated (reference) and aged beryllium are
broadly in agreement with the tensile data in that they increase up to a maximum at intermedi-
te temperatures and decrease again at higher temperatures. The fracture toughness decreases
with increasing tensile strengths at the low and intermediate temperatures and increases with
increasing tensile reductions of area at the higher test temperatures.

(ix) Irradiation markedly reduces the fracture toughness at all temperatures but there is some
recovery at an irradiation/test temperature of about 600 C; there are only small differences in
the fracture toughness of the irradiated beryllium grades although the S-200F. HIP material is
tougher at the irradiation/test temperature of 435°C and to a lesser extent at 600 C. Limited
data suggest that there is a reasonable correlation between the fracture toughness and the
tensile proof stress and / or reduction of area values for the irradiated beryllium.

Limitations of the Existing Data and Future Requirements

47. The BSBE Programme was initiated to provide data in support of the proposed applicat-
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ion of beryllium as a neutron multiplier in a DEMO fusion power reactor blanket design based
on the use of a solid lithium ceramic for the tritium breeding and helium as the coolant. How-
ever, this initial concept, in which the beryllium is in the form of plates, has now been aband-
oned in favour of a design utilising small beryllium pebbles and, as a consequence, many of the
original material and design data requirements are no longer applicable. Nevertheless, it is
considered that the following additional investigations would be necessary to validate some of
the conclusions of the present assessment with respect to the factors determining the tensile
and fracture toughness properties and behaviour of the unirradiated and irradiated beryllium,
to advance our understanding of the effects of irradiation and, thereby, enable further progress
to be made in establishing material composition - structure - property relationships:

(1) Detailed analytical TEM examinations of (a) the structure (BeO particles, precipitates,
dislocations, etc.) of the unirradiated (reference) and thermally aged beryllium, and (b) the
radiation damage structure (point defect clusters, dislocation loops, inter - and intra - granular
helium bubble sizes and densities, interfacial segregation and precipitation) as a function of
beryllium grade and irradiation temperature, displacement damage and helium concentration.

(i) Further SEM examinations of the existing specimens to elucidate the effect of temperature
on crack nucleation and propagation modes for both the unirradiated and irradiated beryllium
samples.

(iif) Additional irradiations of specimens, ideally to a number of equivalent displacement
damage and helium concentrations at several irradiation temperatures in the range up to 600 C
followed by tensile and fracture toughness testing at the same temperatures, so as to allow a
more precise evaluation of the effects of the irradiation variables to be made for a limited
number of modern beryllium grades.

(iv) Development of an isotropic commercial beryllium product with a sub - micron grain size
and low BeO and elemental impurity contents in an attempt to increase the cleavage fracture
stress and the ductility and toughness at the lower temperatures. (It is probable that this
objective can never be fully realised because of the inherent characteristics of the beryllium
crystals [20]).
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Figure Captions

X

Comparison of the tensile properties of S-65C. VHP beryllium at ambient temperature and
400°C and initial strain rates of 2.50 x 10 and 8.33 x 10°° s-! measured using the CEN
(BSBE) and BWI type specimens.

2. Comparison of the BSBE and published data on the ambient and elevated temperature
tensile properties of S-65. VHP beryllium.

3. Comparison of the BSBE and BWI data on the tensile proof strengths and total
elongations at ambient and elevated temperatures of S-200F. VHP beryllium.

4. Hexagonal close packed (hcp) crystal showing basal and prism planes.

5. Effect of temperature on the critical stresses for slip, twinning and fracture in beryllium
[19].

6. Ilustration of slip and cracking at the tips of slip bands.

7. Tilustration of typical tensile load - displacement curves for unirradiated and irradiated
beryllium,

8. Tensile load - displacement curve at ambient temperature for unirradiated (reference)
S-200F. HIP beryllium [5].

9. Tensile load - displacement curve at 310 C for unirradiated (reference) S-200F. HIP
beryllium [5].

10. Tensile load - displacement curve at 605 C for unirradiated (reference) S-200F. HIP

beryllium [5].

11. Correlation of the tensile 0.2% proof stresses at test temperatures in the range ambient to
605 C with the grain sizes of the respective beryllium grades.

12. Correlation of the ultimate tensile strengths at test temperatures in the range ambient to
605 °C with the grain sizes of the respective beryllium grades.

13. Tllustration of the method for determining ¢; and ky by extrapolation of the work
hardening portion of the tensile stress - strain curve; the dotted line is determined from a
plot of log true stress versus log true strain.

14. Effect of BeO content on the tensile proof stresses and ductilities of the beryllium in the

unirradiated (reference) condition at temperatures in the range ambient to 605'C.

15. Effect of BeO content on the tensile reduction of area values of the beryllium in the
unirradiated (reference) and thermally aged conditions at temperatures in the range 310 to
605°C.

16. Effects of irradiation and/or test temperature on the tensile 0.2% proof and cleavage

fracture stresses of the beryllium grades.

17. Schematic illustration of the effects of irradiation on the critical stresses for slip and
fracture in beryllium.

18. Effect of grain size on the cleavage fracture stress for the irradiated beryllium.

19. Correlations of the fracture toughness with the tensile proof and ultimate strengths and
reductions of area at elevated temperatures for the unirradiated (reference) and thermally
aged beryllium grades.

20. Dependences of the tensile proof stresses and reductions of area and fracture toughness

on the BeO contents of the beryllium grades irradiated and tested at 485/435°C.
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TENSILE TEST

Load (N)
4000
B S 200 HIP
Specimen : Z4
3000 — Temperature : 310°C

2000

1000

i
i |
|
| |
| 1 1 1 | |
0 2.0 4.0 6.0 8.0 10.0 12.0
Displacement (mm}
CRIM 95060 DL
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Appendix A

Effects of Ageing, Irradiation and Test Temperature on the Tensile Properties of S-65. HIP

(Fig. A1), S-65. VHP (Fig. A2), S-200F. HIP (Fig. A3) and S-200F. VHP (Fig. A4)
Beryllium.




\

b Y

e,

i T T T T i
i —~ o ————
ae ! i i G oo [N
| i | e ————
. faY i o — Q ) S e —
i = i H.WVA 4 |W i ot 1 ° ! J.~ ST I,
Y H 1Y b d ) J . b S .
4 { 7 { . ; TAW | -
: — _~. " - — N\ ! S —
=y S Ay e 1 A ) sm—
i . T Y O 3
. ! : 4_ R
H i l Y
” 4

50D

cbb
‘LJ;Q‘;'

AN

ERACTURE IST[RESS

i (W Tad hblieie

D‘“""‘: §

[
S
) . L, S
A 1L —! T =
-t il & ——
_ o) —r X %
fv.ﬁ. ‘ m " ' Y N I“ : ﬂh
X , N . L _\ i h.h i :
3 —' | V , N — N‘ i » : M b_ Lll-lnl'll
= i ] H N 3
: _4 S — : - _ . o O .: 15>
T 0 T 7 71 " © l‘.lm |ﬁ =
‘ Z 2 = JE J K ——

T

13 DO

3c>c

Pao ||t

fill

ool I-TL

e |

R RERFFLAE

ol o e e S e e

L
B e
I - i
o
-
H 3
{

o)

g

oo

i !
I
L bt
| P R i
MR S B |
Vi TR ]
i T, 1
). A —
a\ T
S N
} JRERIR I
] Lot ]
s H
L A T
T AP ! T
i i —
P 1 "
. dobos :
4 1 _
L1 i 7 "
i fdd
TN IR
T N et
S i)y [
I IR RN
P SN W P R
I ) N
‘ i RS N
-ﬂﬂu ;| P |
H o 1 )
, I T g
i i |
[ - T
[ IR I
[ =
.l
] " &
dbn . I
- . (9 \ N}
BN AR WA

"YW ssIILS



e e R e - ; A — 4
- . v ] i AR v T T * T " 1 L - R Rt
s s 33 e k = , 1 : = e
R -1 - q P
4= - ©" & 2. G AL . -0 o\s _ U
— S 2 A S Y e
— i} ' S L 4 , () y4 v
,l,w—‘lll.ll,ll_ - ‘ 7 .2 ) A 3 <D . X - - N SO
i T T L ¥ 4 I ik e | § < ~ i ——
g p— - : o \ . ! Y Z T
o W 1 S s . 7 i —— ; ! ] -
- - _,HMTJA‘_ 4 [IRIRIRIA 1 1 L 4 IR R - | P X © .
7 p— : g ; L et - ») — ; ;
F i —1-} -/ 2 g P4 ,N\ ] 1y —
Y tef Ry y 7 1 ° - : i v
I g , T B8 0 i\ - i7- ’ . <
e ; ot - RN Y C Il et -\. ) 4 Rerd ¥ L VA ) eI~
1I + -0 . —— .. N2 : 4 s ﬂw : vy : V\ ; n\ — .kavl. A
S e —t : 5 : 4 ) > A : B S
Y ——] ; 4 : .3 Y 4 , 4 N
= T L FN A N . T 7 T 1 yoN i/ i - >
N e—y &~ e T e W S ——- -
: - P 7 - e XN i X § ; - >0 : T { Q..
ST | L 1 i L 1 % = : : Dl + — X,
Vs W ~4 PSR S 4 — »H ._\-.m r i 1 AR I i i - : [ -
A - — . LI L il ry L . s N
bt B . B Sy Sa e T & = — —— £
L ) i n - L . s
e S— S renn : ] o A ———— : - —— -
-+ s y v e . W SN i W o 1= : - o)
N I o N — o —— e . o : — a__..o
anona i S 1 L 4 L : IS} I : - T
B ! : Y E—— i 5 ¥ : i
i | , PINT AL m—— T _ 1 i ”
E&lé‘ ; 7 * L ,\N \ L LA } 1 4 ———e ———
+ : - . i ) i . L : !
B ] 1 —— % - ~ / _ - -
i A  B— ; : - TR S 1 il I . . ) == A
i : Y S A — Ty et _ ; :
<9 — _ . L . i ) i | i— s I5
- . i : : s~ i i -
— e o e B e e o e m——— —e—| - &
R 7 . =0 N BN i1 [l P : L. . | — e N
N i - o N i 1 g ~ + { ié..Anl Vv
- - L + N, N I M [ = i YT W
NN e N 1. L T ! ] : . - g 2
_.\ fe Py o it N~ hd L i | O “ - rl.'
= e e e e e i = = It a
H ! i | e
V4 i ; ! i ! NN : - : S i X ™
= I - ot : S ) - e 4__ // 11 [S VA G
: s 1 : i } : i T 1 : 1 16 el o
\ [ i . A ' : ”__,fLWf Y . RS SRR %1 @ —
—— v o 11 T N Y 7 P ~ X " a _. - -ﬂ.b I a—
. il ] Ll J i o IR ] - = ul.LlF
| o 1 T T e X I= = - __ t ] b
X : ; P I Y [ . -
i ® I — S e —— : O XK@ i
% T R AR i 1 ! AR : . “ i “_ e : ¢ -
" [N} s e ) [T [ R T A - e P
/ — : . T R N " , _., : a— b
. = s : T i ) N SR ETE SR RN PR i1 ; : 9
! Y A . bl i I L L dp ) —l L] | FI i Loind L nH
i \ : T i T T R A AR 1 T : ~=
bl H B L 1 I Lot R R B OO 4 i I 1 + ——
i ) il ol i R [ I | T + = _.~ i L n A © .
1 RIS s 3 T ) SR e N B RREEE T o 1y -
.an“. = O P! FRE IR S R SR Arar! I T I S Pn: - sl 1 —d_ ) —
- U S S AUDUPE AU U SO0 NS SHONI0 WA SRR P APPSOV RS A : : . o
A= : iy R HIRINERE I A A . B . N RSN NN RSN - it A\ 4 —
i p—— R : T T W — T T A R ST : - \ t
+ : .4—”,_ : R R ! o e T /= IREWE AT AT W : - : w— R
5 — S s e ot et s S O e A e A S s - =
—A I } i iy TR SN Vi | : Y ; 1 [ T
il 1N S L ! N [ R T ' L T T - L2
- L1 Ll NN RN v Ll T AR [EF [N
e ad : B W ! S ] L [N BRI TR A Ci DI | Ty X S NS T A SR 3 —
e BN L WP : RIS VA IR S W ; X — i ] ——t Lt A R A N R . i
— : A il I [ [ I NN Ll i1 i L) t i i -~ |
- ! | € T X [ NS FEREN BEEE Ty — A L - . AT O AT AR A i Ay ]
—_ L i C¥ [T ! i i T : i
L i - R NI S M L] i CRI- I ! BN TN RN , G B i
s i I | o~ 1T T i __“ L Ll g il FESTRN S| S TR IS W WIS I L ! . -
.,Q . —— - 19 s i — - —— - —— " s QM .";.. ] ..M _“L __,_n At Pl I o\ T
: I RN RNNYE BN RN AN 1 = . /i A ——- —4 R ~ 4
= L , I ; 1 5 TERTR S B! PR I AP ] R W : A —Iig
kY. ] [0 DRER TS A A [ Y 3 ; . ¢ t I A i
z : RN ERE R = ~W, L , ot ) i FAERIS I ARTNAN TN VRSN B8 A NN R . L,i _|_Uh
: = - e A ey Sl e S BN SR B B
. T ) S| Vi [ N B o —
T3 N N O [») [ A IS I . tdd i - - : T T
- T, D + 4t 4 Qb [ ; x : ]
ET —- s et = e N M) et it ._!w_ H ¥ N“ ..Mr‘.v 15, T leT.._
TS E NEEEE EEE i - NS RPN it i NSRS NFI ARSI I B R 1 I ] H — ; IR )
i) H.__ Ll b g HETAALENR T P AT A RS . | I ;__ SN I T A ; DEriall e !
¥

96 TRLTTIIOIMC




i) - e e L . . LS - lvnlh\L|>lll VPRI PRV R e m e v ]
- : - -1 s

1
|
i

;

!

l

¥

.

|

i
S

[

N

1

H -4

= Py p-omapm ”W‘HHM,

S ey i (S-St it A s

$s
|

B0
[|FRAcTURE STRE

l
i
QE
|
L1
[
14
Pl
[l
HAY
i
i
1]
TNy o! |
boo!

=
Ll r4-Lid.
LY
-
LT

o@
H
L8
|
hat
] ]
... R
| H\.
TN
I

e
|
|
§oo

®
1
|

e
SRS 1 [ Souion isstvisy S iy (et wisowi Wassog tossaas | ol

4
b
i
'
i
|

B - e LR : = a ...-‘.r S ST S -.o.. e
; R et § o s \ ;u.u...um.m.f..,..:,.un,‘.‘ R s
i o ) e o o N

— .l.l.lftlo ‘.I
L

e e e T T B e e e e el P
S ey \ \ = lhe?u

et

-9 Ln B T )

R T : s — - .9 e e ki

I — — e N —

4.|-.lf.-|ITi!!_|~. - - i 4.1.-..|l~

[EPUSIEDECU SISV [ERPPUNSRIY I

R ST N BT SN N B,

e —— ,L“.On-;l R
m —\ ; /i

emed AN . R
| !

] . i B
* I . S R Y - 4 P o . ¥ +
- e N { I NI~ — | e e Y S S I - - : o [ Ao AR R ol S
e —_— - & . ~ S S N B e i o, . ey — el Ny TR e

- T E— s v
e i Pum———— : + -{G -E,- 3

4

i
1
foio R e S \ e

[ I T S ; F . ; . !:14,'. L —
. : e — — R
: - “w Q. _ HAE RN M S ; 4.0 T T i : [ Tt o - L ——
: - H : i ; - =y 1 = -9 >
i < o — : : , . 4 et e ~ T ol
J D S U N PR | i : e e 1 : M | R : [A¥4 H ]
A RS ! T ) ; ! Y O TR I S I . 1 A SR I Y s S
P SR R | t t ! o ; H - : ? T - Tl -
Qe It 4 T A ] i . H T S I B : S
X : i — —— — ; Y
L ! : B >
- ; - S S R IS Ml IO M1 B ! = T
N i P BN USRI (Y € M oo MUY ISUS SRS (SRS § CO O - 1 | © N E— : =
—xt- _ i = ! : . - BN
= _, e e i w St et = ] S —
—Aa H ; N T i ! T t i TrT T
5 i 1T : S A 30 A ) SO S : TR g e e g - ! - S
ow -3 - . ’ : — } M i y [P et G —— e —— e ere—e
~ — — SR —— . fo W IS SRS _, - 0 ! — [P
TR R fr..m..lltll.l& Q U -.-zl..l,..u.wmi.- —~i- ol w — IM_ - am” R B Saaar B e AP
1 n 1 i X IS ! A T T 1 e I

"Yw "Ssayis



3

150 |

T
|
|
4
L
i
1
E
»
4
|

.

|
1
i
R
.
|
,:6
|
123
L
i
o]
A
)
i
|
1

L
-

rardaid
l
1
Sl

)
L)
i
G, T 1o
I
!
-1
' dgv
¥
‘\[*‘\
i
]
it

~ GPr

e e

E.
. ;.‘ X
i

ZRAI)A .—‘é‘f}‘

7
i
J

N Eed

ToTAl |

& (4N

g
{
2301
L
Pand
i
i
z
g: : L,
s
M
|
i

£
q
D
}:
|1 Wad
)
|
N

-
U
)

2
J
RA3
4
i
{
s

& RE
T
!
|
-4
|
l

e e — e -nflul.ilkiiluﬁll - | .... I e — S e En

IR N B —— A

i K ]

l'llwli.lz\.Lll.l\‘ﬂlll. R s 4
——— H»mﬁﬁ@ﬁnﬂ“ﬂu....““ s e St D gt Nl
e o SO e Ve it SRS (a5 s s S s S I
- —-— ki [EENPRPURS. U g |.‘\.:I\.I||! . Lm.1l1 ————— w b TN
JER RN SRR, YR 4 B T R SR S -
e e e I e e R TV ah

et e e A LS h
H . - T
! ot -2 A ST [ USRI N P - /
" L

TRRHE

|
|

> |

9
th.i
¢

|
Rl
i
1
¥
i
t
bt
.I
V.G,
:lll
|
i
i

]
4
|
|
!
l

t
o
i
ot
3
0
i
i
|
|
i
4

]
Pl
{1
Dbl
i
1
[

!
|
1.1
i !
¥
I
i
[
=]
L1
L
[
ddt
i
i
i
L
1
1
|
i
[t
]
i
]
L
|
H
=l
L
l..
|
1
]
i
i
IARNERERAY
|
i
’1—1‘
it
E!
b
[
I
b
H
RISYOeeIN,
|
1
=9

i L : i 4 0. - N Fl L . . : el i | . !
Sy A\ i : : - : = g : u : E B i —"
" v i v T T f v T ] } T
1

M EE I

IR NS
1 ¢

I P

6

1

i

; 1., . : § e, ! : L £ " i
4 TR RSN I T ; i I

et i = Qe O ._ “

H T L aJ). it T i

AN R L

T
' TR !

R NENS

L i n_a... P
I oY WERE TS SN R
i . . A‘"\_F. )

]
I RN i
' ; : 1

Tt

i S D - [ N RN o } ; T
EREIRE PREY . — \W NI I ,b.—.lll,illrci.Tii !Tll:n..nl_ll
1

. N . . , i - H : d : 1
+

To] CALTILLONQ



lego!

4

<BEE

!l

L 4;945 A N

.

(GIRY

UDTORADIATED)]

p
-

= |C

N R

N 50 N I I W 8

0O

2 N

L Seel

[t

| Baa it

$

S A By B B N 8

EFEEL-

g e

N G T S S N Y W S6 W 0 0 8

tetd |

i

1

-y

HNENRER

FERET LT

THF

-§ 4

5 SNy T W) S SN O NG S A0 g N R SN G N S S S N N N

I O Y B Ny I D 1% U WS Wy B Dy Ny S5 S Sy

Jior | |
ATEre

o
y

S 5% O Y Ny 0N N N

20

! 1
T |
i [
J |
1 .
+
i 1
i .
M 1
id 2l
1) T
i
1 :
‘ ! ;
! .
1 3
| 1
1 T
| T
4 A
)] N
J— [ T
i o S
i R
1 .| .
RSN
i Ll
L RN
T
L.
et |
TSI
FURTRIR R
!
I B
Lodd. .
1| ] 1
T . .
L1
[
s
I i
;]
Ay, J .
TS D

'SSTYLS

—

} ' P!
f.w';\é)t
i

AL

| a0
SIRESS
\’\N
Jul
=)
R M AT

)
P

-
&
g

R

RGN & iy

Son

il FRACTUR

I N .

{400 ol
W

$00

1390
"I‘tiri‘f-}h ammiaad 7

3

Joitire

@'—"’@ e

R

d?‘

1A

iy

Ll
=1

I

R

G4

=

B S N ) S

laei ||

Ph

RENS

'-_C

600
Lk




-
i 1 53] e M ML 1 ey T : P
_.L».L_ .W ; Q- i o t— . ]
i - : & L ; . 1 - i
4] e : NV Y s . Ot “E” | !
it < L ] P R B ‘ /¥ H N
I I 1= : I, 1 A W 9 Jai— @ S
ot . “. <& i FEDEE DRI UNARIRTA \ 1 S & R I I i
A 1 1) : FITE AR IENTA Y TR I L i leg ] )
£ 2 - - I PSP I | L - 7 L
Sgm_ : § ._W L ol T N | ARF . L4] I 1
” N Ww}“ I ] i L. “d.—._A_—. h-—AW. d 4>u m..
+ i . i i J i H e ik — dn i
X e N SR S A I O WK ¥ o . @
! M - : i SO DI i3 : g 1 2 B
W . TN R T N [ . t ] 1 WA 2
= by 4 2 " e 4 y A > RSY y A
R -rﬂ. o IS L YA 1 [+] < { i ol
¥ — i [ ol NN S . L [h] =y I - .a
QL -, : ) : g T / I wy P ] : : | 92%
[ < H M g Y ARSI AN .‘. 1 it Hi : 2 i
AL < R A Y PRI SN SR Y S ) 1 iy 4 (V4
4 > . | T BN EREY e u Qd 1 i ; 3
< . AN B! : NN /\A‘u.,.__ L i ; 3. i i
5 i AT i N RN e ] ' : i i e ! 1
=~ I8 APV A N BN I A H . " N 4 : A1
: : I ! [0 APSURRSTER  Y A& | - 11 48
Hhm, i L 55 AN __\w_ 1. IR ! L ~: —....u
HEY A AR i BENENEY S i [ s L o : il
_Ik~ . . ML <IN 1] b > H . J o=
ﬂm i 12 p\\AN M 1 P ; Ll ~— o 2
RN : | RN [} . : A i . e and
s o T i =S ’ £ | I <t--p——
: BRS04 o 1 ; ; ] | - k< _
! : 7 = ! : : 1 1 ] A
. : \.\ Ly _— ” ,u\_ { 7_.
- ; 10 [T i : l
I ; A i ) ! i | . I — .
il [ IV 4 il ! T i 1 ) ¥ AR ) 2
Yy A : 1 g | ¢ ] 1L 1 ,lﬂ.l -
LAV : I . i1 : LA L T : 2
\Y N ! A S : i H H
- — At I, 4 et o L P o
; PRI ! I R : || )-GINN! T N Y = =4 &)
; \ VR S o N E BRI s/
1 A WS Lo ¢ 1 Z . =
= X - —— : ¥ == =
: s . : R s L H ]
: N T | | + & a
1 NIRRT Ly 1% | ; i T i ot NS »
. I . s . . Li| AP-YIN
1 Lk XN J I i VI S e G
1 5 I NI : 15 BEN * =
) I NS LS iy [ el
I S PR . P L - (L
L ; N e L N T : 2 ol
: : R /Hv... . 1 N
N IR N Ly N — ] e
: PR IR R - R . @- e
; ; it IR | e ! H R
: il [N | i i 1 el PG
. i R | L ‘ -
} ! IR RN\ : : 1= J_ : <
i tl " SRR T I by s s : i H T . -~ :
Pl ) : Lt 115 1 L L : i i Il AN :
L s L Y ; : ; 1 ; I R
Ll b s 1 il IR e <F )
. ”‘H“ [ __r,— N Ol : | Hl! ) o= L
g IR b Lig -~ , L i | 10 !
it N R [ -~ ! : 1 : — .J¢
: : i I I . i L] - i -
IRIRNN ! i IR o
: i HIRE L D] ] ; —td
: il Ji) bl i Ll
AP TR U Lt | ; I
s il L Ll b il i .
. ! DI (IR P P X
L H IR N 1 ot . s . .
. : I B ) | gl P S x|
i PRSI B AR S N ] N ()
L . ) i s gt i 4 | Pl
i i 1 : B IRSYERSN . . fe i hd
| L b o S Lt i b ' ]
. el iR IV I 1 g :
i { L [ S L . i g
! N )
ro— prm—— - - ] i ]
O\ i Ve H . . . ] N -
Aol 3 - nﬁ : >
(4] s ] w ! | 1"
B [ 1 MRINENGE | | I

oy,

TALIMIEOM




A
=T
§
1
i
i
1

|
Gob ]
1l
T
Hihanl

D .
oy
el

p

L
f
|

WiTisi Lt
-~
I
g

=N
=

| PeAcTubs STewss ||
N
:

i T — i , 1 Fa—— - “ I 4 ] 5
. : . L . b ke e a i . g1 e P b ]
T T RS SVEDES T RSN AR L | Lo i o 45 g “ w.m.,l.:lllrl .- —
DA.. e i Nj .N. .\“LIV. [ p, uﬁ ._\H_,N.n Q. - V- .
N B [ . R i.g i - i — —_
D \ PR -{’ 1 L N\ N sl\h I.wx ..‘AM“ x.rﬂ —
2o - _ L. | . R
- 1 e i T o N - S ST | S
o 7 S S  — S i e
. [ . ; i -
n M 1.

iaks

IL

[

3o
L

S — ‘.3“,.N:l;mm.u.”:. a

ER IS
DR R S S

s s B .

:_A_JJ“.__

[ ORI . SN PR
-q-- O.!ml lil!WiI.l.ll..(li_

i
H
3
|
. - N o ; g
2 - i = : M - | , ¥ . i . - -
T ese e AT W
* 1 7 4 4 -
&
/i
®

Tas N IRV SN SOTRTA N 1 1 :
T i -+ - bt ; | — r - i
> : : - :
— o i w— i i S OO SIS ; i :
—na b " (O WK 3 G Th! S O N . R :
g 3 - T Y ! N g T | _ i 1 |
. | — L i H ] S - !
——- - . : AL L' [
OM : ” . : = > : I 1 : “ : o : {
i TR I - | T T
A ! L. ! 11 il i BN N P 1 KRN 1 ! { I — P W RIS
. . s = : :
P — S i 4 —; b e —— : o— S :
: : S~ SR - ] &7 I O o - T < - Mw, M h A T :
h i o | rl_nvﬂ :_ 1 J.: LS & | .‘_mv ..... 1 - ]




I i P -
" w hA — A . : . s T
\wf.,l - — s . — o ! o - _ T
= T | : .0 e B - s e v § T
e eI s = : . g ,
3 _.“ — : I N b4 ; 8l T _VAJIO ; . i t ] ! ;
(o b ) S 7 e+ f BE e e
S - 2 T ”. [ TR | . T 1t : ] y 4 . - 3 i -+ i . ] —- .
A o : — mE S o oo = pdem i | e I b\ 1 I — <o — -
K: " - k& I : A N r__m 4 L I LI - : & T AR B i —~ —L Gl
PV . w f-d O = W S AR SEa v & SEESSSEE. | muRNSaFnsEan i T
‘ ; = R 7 o B S ) T N I - | Eomes
R,I..rl : B , - - . L S SRR N % ! .g__ ; [ U. ; ; s el 3 . . |
i, 1} ey et : N T s e s i B B e O T 7 An R | M
= m T = 13 ] RN —— e B B S X R EEEEEEma T
~ 4 g . : : . - - I > P - : —1 [ N " 1 =)
" S | - NS Ay A b i T P N I 24 : ] : iy ISURR Y I g e e
. -, I3 - T . H L T i | 1 i - 4 FR - ! PoV
NS R i : hﬁ G 15 ” § . : : i T i —]—ﬂnl.ll. et l;-«.wuu , =T ; ! . 1 \ml - T
. ] i S m, | . nm.v S - L m %llm h M L m - [ £ - O
‘cH.i:l : - —t R o4 o _ A Lo} : 8 - .ﬂa,.o%I.ll
.[.ﬂ - PERS e B n 1} - 1 N o/‘ ) 7 2 : a Ar—\_. _ if == n, ﬁ
e i —::i!. . R L -t I 4_' : | IR . Qr ba o € I PO 5
gle) _ - o= 1 PN - i Ty - ~N BN : e —— ik AN V\ [ { |0.I.R.i|l.ll
: . [ T i S e N o 5 L — — Y ca—
h : RM.IML_ —- ..“ : - B T e i /R W <. up, ; _ : . w ” NN —- ; E‘Nﬂ\‘r
- T ——— = - + ] W : 2 L H \ L — : NN
i - i : I 7 : — 1} ; I R
oL i _ — f X1 ; = -t " —\ \ _  F— m-wm.,“ll
A . = ﬁ NE fu—
-9 g et sl iy ] bt i i M| E
: e I e iy b S —
D e O Sl Tt _ v L N
t - = ) X ~ - L I 1 F— : %% :
_ o +4g . A = i A —" | p—
— ; g =1 oI 8- o : ot e
ST O e ™ L [ ¥ e t <-:l.lll./ri..—+: - |UTA. P
e, — -1 ~ . \ { —— S i - - O — il q
: = e S B , : —o—f—e—F 2
e e ¢ : : e fe—aex &
oIS L I : \ o S
e e L U @ . { ———ee T\ : I m m [ ,wv
T ! —-§ { - 1 N -n - T : A% v _ |.N‘..
Z . : R ! : x L 7 : NS EDO2
S S : N 9 : , .&»II : =t B
- : WP S B " i . ——— - . A ) 4 = ad .
i : 0 - AF t \—— [ _ : [ Y -
e DA S : ; \ o . - i G dp P v
_ ’ — &~ B . i il ~ s + \m.. ; T -, ,.n.l;li—.o I - —
T . ho — XE _ : s T
e - , A \w : : 4 g : i W N
— _|+.. T ” - w T @.\(I.)‘ v.)m—v.:l‘illul
: . : I~ 1 . i - B
: : ' ——t P i e — ! T S
- Ml “ 3 : Iln— - O : ; T ” - , “ == ..r.. S— - ||.m. T
e e e = . N e et SO S
P e SO - — — ——f-o + . _ I "l
— 1 H " : : 4 : o 1 ; t . =
e _ : . . : 4 = — = T
N 1 4 H b g t - + L nno.
SR S = : : - I * o i ; : L : dlm«hﬂ.ll.wl.uﬁu
S et m— — -4 : = —3 — ’ : N S
- — -t = i - . {
f”v T ! D@; I 1 l‘ - - .
.:N/P. : P d ] : r p— o
“orl= : m e - — : -1 — e —
1t SO : g * i v - i . " . - !
: S S : ; ! - T - T .
g : . 1 W.__ w» : = o " g._vn S U :
TR ! . - R , : . : } - SR
i Lo 7 L@ — : ; . T + - - e e
} g ——_ ] ‘Qr ; I AR : : e i IO -]
H | | ; ! i ST t ' . - |
— .»,Jm:.__,_nl.W:M..ir . —t : - |
: o r_m_...)__ L — T ¢ = :
N | - , —g— — - .
e e e N—f—0——1
: L= B S Attt
L ]

e

“onQ




Appendix B

Effects of Ageing and Irradiation at 185 and 230/235 C on the Ambient Temperature
Tensile Properties and at 310. 455/485. 540 and 605 C on ihe Tensile Properties at 250 C
of the S-65. HIP (Fig. B1), S-65. VHP (Fig. B2), S-200F. HIP (Fig. B3) and S-200F, VHP

(Fig. B4) Beryllium.
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Appendix C

Effects of Ageing, Irradiation and Test Temperature on the Fracture Toughness of

S-65. HIP and S-65. VHP (Fig. C1) and S-200F. HIP and S-200F. VHP (Fig. C2)
Beryllium.
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Appendix D

Effects of Ageing at 185 and 235°C and [rradiation at 200 and 23 5°C on the Ambient
Temperature Fracture Toughness and Ageing at 310, 455, 540 and 605 C and Irradiation
at 310, 435, 600 and 610 C on the Fracture Toughness at 250°C of the S-65. HIP,
S-65. VHP, S-200F. HIP and S-200F. VHP Beryllium (Fig. D1).
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