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FOREWORD

The 2nd IEA International Workshop on Beryllium Technology for Fusion was held
September 6-8, 1995 at Jackson Lake Lodge, Wyoming. Forty-four participants took part in the
workshop representing Europe, Japan, the Russian Federation, and the United States including
representatives from both government laboratories and private industry. Co-chairs of the
workshop were G. R. Longhurst of the Idaho National Engineering Laboratory (INEL) and M.
Dalle Donne of Forschungszentrum Karlsruhe (FzK), Germany. This is the second workshop in
this area conducted under the auspices of the International Energy Agency (IEA). The first was
at Karlsruhe, Germany in October of 1993. Prior to IEA sponsorship, s1m1lar workshops were
held at the INEL in 1988 and at Clearwater Beach, Florida in 1991.

The workshop was divided into six technical sessions and a “town meeting’ panel

discussion. Technical sessions addressed the general topics of: (a) Thermomechanical Properties,
(b) Manufacturing Technologies, (c) Radiation Effects, (d) Plasma/Tritium Interactions, ()
Safety, Applications, and Design, and (f) Joining and Testing.

This volume contains the majority of the papers presented at the workshop. In some
instances, the authors of the papers could not be present at the workshop, and the papers were
given by others, sometimes in summary form and in some instances combined with others. The
full papers are included here in the sequence in which they would have been given. In other
instances, presentations were made but no papers were submitted for publication. Those papers
do not appear here.

In summary, the workshop was very successful. The main objectives of bringing key
members of the fusion beryllium community together was certainly met. Forty-four participants
registered, and 35 papers were presented. Considerable work has been done since the last
workshop, but there are still major research needs for the community to pursue. This is the first
beryllium workshop in this series at which the Russian Federation has been represented, and

they added greatly to its succes.

The organizers express appreciation to all who helped make this workshop a useful and
worthwhile experience. In particular, we express appreciation to the International Energy
Agency under whose kind auspices this workshop was held. Also, a number of U.S. agencies

provided support for visitors from the Russian Federation, and the Russian nuclear agency,

MINATOM, was also generous in their support. To sponsors and authors who took the trouble
to attend, we offer our thanks. We hope this series will continue to provide a useful forum for
communicating the results of research in this field.

Glen R. Longhurst
Mario Dalle Donne
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THERMAL FATIGUE OF BERYLLIUM

E. DEKSNIS, D. CIRIC, H. FALTER, C. IBBOTT, A. PEACOCK
JET Joint Undertaking, Abingdon, OX14 3EA, UK

Thermal fatigue life of S65c beryllium castellated to a geometry 6 x 6 x (8-10)mm deep has been
tested for steady heat fluxes of 3 MW/m? to 5 MW/m? and under pulsed heat fluxes (10-20
MW/m?) for which the time averaged heat flux is 5 MW/m®. These tests were carried out in the
JET neutral beam test facility A test sequence with peak surface temperatures < 600°C produced
no visible fatigue cracks. In the second series of tests, with T,,, <750°C evidence for fatigue
appeared after a minimum of 1350 stress cycles. These fatigue data are discussed in view of the
observed lack of thermal fatigue in JET plasma operations with beryllium PFC. JET experience
with S65b and S65c is reviewed; recent operations with ® = 25 MW/m? and sustained
melting/resolidification are also presented. The need for a failure criterion for finite element

analyses of Be PFC lifetimes is discussed.

1. INTRODUCTION

The requirements for beryllium plasma facing
components specify that the beryllium cladding
sustain steady heat fluxes of 5 MW/m? under
normal conditions and steady heat fluxes of 20
MW/M? under off-normal conditions. The
proposed designs envision a thick cladding of
beryllium (6-10 mm) onto an actively cooled
heat sink, i.e. a CuCrZr substrate. The stresses
in the beryllium part of such a duplex
component comprise, in addition to the singular
stresses that obtain at the free edge of the
brazed joint a concentrated stress field near the
irradiated surface and another one near the
brazed interface (away from the vicinity of the
singularity).

The extensive JET experience with inertial
PFC made out of S65 and S65¢ Beryllium has
produced data for the thermal fatigue of S65¢
for heat fluxes S-25 MW/M?, T, ... up to and
including melting. Careful experiments in a
controlled test-bed environment on S65c
material for JET applications have been carried
out by SNLA (1) and partially by JET (2).
More recent ITER emergency tasks investigated
the fatigue lifetime of S65¢ beryllium material

under pulsed, transient heating conditions. The
aim of the study was to understand the effect of
peak surface temperature upon the fatigue
characteristics of S65¢ material (3). Somewhat
surprisingly there appears to be a temperature
threshold of 600-750°C for the development of
large invisible permanent thermal distortions @
10° cycles of ® max = 10- 15 MW/M2,

More recently JET has examined as an ITER
task the thermal mechanical response of thick
beryllium cladding of a CuCr vapotron. These
results are still being examined and will be
presented in full in a forthcoming conference
(4). However, visual observations indicate that
resolidified S65c material under these actively
cooled conditions and that looks to be different
to the appearance typical of inertial tiles show a
markedly different appearance. Finite element
results will be presented in this paper to
investigate the possible reasons for this
difference.

Very recent JET tokamak experience with
inertial tiles that have been deliberately melted in
tokamak operation (5) shows that extreme
events, giant ELM's producing 200-400 MW/m?®
localized heat fluxes, can be sustained without
apparent low-cycle fatigue failure. Sustained




melting experiments @ 25 MW/m? liquified (and
displaced) up to 3mm of tile material without
apparent prejudice to the mechanical integrity of
the inertial tiles.

2. CONTROLLED HIGH HEAT
FLUX TESTING

Irradiation of beryllium tiles at flux densities
of 5-25 MW/m? has been carried out in the past
for several designs of the JET Mark I beryllium
target plates in a dedicated test rig located
within the JET Neutral Beam Test bed. For the
ITER emergency task only one tile of beryllium

was irradiated at a time. Adjacent areas
(originally up to four tiles could be tested
simultaneously) were covered by copper tiles.
A copper shutter, seen schematically in Figure 2,
was designed to allow selected areas of the
irradiated tile to be exposed to different flux
histories.

Initially the shutter was located at its highest
position which allowed nearly all of the
beryllium tile to be illuminated. As the shutter
is lowered the irradiated area became less. The
pulse history of castellations accumulated as the
shutter was lowered. 'Me design of the shutter
did not permit raising of the shutter without a
full exchange of the beryllium test-rig. This
latter is a time consuming process (of the order
of two days), largely due to delays in receiving
safety checks for the absence of contamination
due to beryllium dust.

Calorimetry (for diagnostic purposes) of the

applied beam was achieved through eleven

individual calorimeters located at the lower edge
of the shutter, i.e. the copper castellations in the
shutter cf. in Figure 2.

Surface temperature of the beryllium
component was measured by an AGA IR
camera. The emissivity of the surface and
transmission factors for the windows is
measured by observing the cooldown of the
berylium tile heated to  ~200°C.
Thermocouples embedded in the tile allow

calibration of the IR camera. Heat loss from the
tile is principally by conduction to the holders
and through black body radiation. A change in
bulk tile temperature of ~100°C was found to
occur within five minutes. Thus the bulk
temperature of a tile under repeated tests, i.e.
cycling with intervals of three - five minutes
came quickly to an equilibrium value ~50°C.
The testing sequence for both tiles was
similar. With the shutter in the top position a
flux density of ~5 MW/m? was applied over the
entire beryllium tile face. For series I tests pulse
lengths were adjusted for all shutter positions
such that the maximum surface temperature did

not exceed 600°C. An interlock alarm was set
up between the IR camera and the plasma
source allowing the source to be switched off
(within 50 ms) if the measured temperature
approached to within 10° of the set level. For
the second series of tests the corresponding set
point was raised to 750°C.

As part of this study beryllium tiles made of
S65¢ material with overall dimensions 32 x 79 x
49mm deep, T-shaped in cross-section with
surface castellations, as shown schematically in
Figure 1, were irradiated in the JET neutral
beam test-bed (6). In order to maximize the
results of this experiment it was decided to (a)
consider a pulse train that has a time average
flux density of 5 MW/m? instead of steady long
pulses of 5 MW/m? and (b) to shadow parts of
the tile under different loading conditions so as
to study the evolution of fatigue induced
deformations (if any) with the number of applied
heating cycles. Two blocks of material were
available for the study and the difference
between the two series of tests was the end
temperature to which the surface was heated,
1.6.<600°C for series 1, <750°C for series 2 (7).

3. FATIGUE TEST RESULTS
Table 1 above gives a summary of the

irradiation conditions for the various positions
of shielding plate in both series of experiments.



The power deposition profile can be seen in
figure I where the isotherms are shown for a tile
in test series 2. For technical reasons the line of
sight to the central vertical row of castellations
was obscured. The maximum temperatures
reached there show a continuation of the
footprint without any areas of concentrated heat
flux. Figure 2 shows two rows of tiles where
typically 2 laterally adjacent castellations (nearly
identical heat irradiation history) show distinctly
evidence for dimensional change.

An elevation view of the areas showing signs
of thermal fatigue is seen in figure 3. There is
substantial vertical growth of the central surface

region of a castellation accompanied by
anticlastic inwards bowing of material near the
tip of the top corners. There is no visible
evidence for fatigue cracking akin to that cf (5)
and shown in figure 4.

Table 2 below shows a compendium of
thermal fatigue data for beryllium tiles
castellated typically with a groove of 0.5 mm
rounded bottom. Failed means that vertical
cracks developed in the test piece centered on
irradiated castellated surfaces. These
propagated some 2-5 cm and it appeared that
they would propogate without bound.

Table 2. JET experience with castellated
S65¢ material

Castellation ® Cycles
mm MW/m?
6x6x8 <20 ~2x10%
10x14x6 <18 failed
10x12x12 <16 failed

JET has used S65 revision b powder to
produce belt limiter tiles. All other inertial
components for PFC applications has been HIP
product using S65 revision ¢ material. A small
amount of S200 material is used for RF screens.

The outcome of these investigations is that

JET Mark I beryllium tiles were castellated to
roughly 7 x 6.5 x 8 mm deep size with a very
considerable cost incurred by the requirement of
having to hide each comer of each castellation.
Typically there are ~ 8000 tiles each of which is
subdivided into 55 castellations.

4. CASTELLATION STRATEGY

All of the beryliium PFC components installed
on JET have been castellated to improve their
fatigue lifetime. In fact all of these components
have been partially melted due to accidental
exposure (e.g. belt limiter tile edges JET) or

deliberately (ISX-B (7) and more recently JET
(5)). It canbe said that the castellation strategy
has not proved itself to improve JET PFC
lifetimes.

Prior to the deliberate melting experiments a
series of plasma events, giant ELM's caused
localized melting of a small fraction of the MKI
beryllium tile surface. Typically 1IMJ (total)
energy was deposited for ~10ms leading to
localized flux densities of 200-400 MW/m? onto
the surface of castellations. The onset of
melting occurs within the time scale of the event
itself. Mechanical computations show that
strain rates of 10-100/sec are likely to have been
sustained and that the entire top 1-1.5mm of
castellations plastified to ~ 2-5% per event.
However, this layer at least has been
subsequently melted and little trace is likely to

be found in detailed metallurgical examinations
of these tiles.

The most recent JET experiments with
deliberate melting of beryllium have shown that
inertial tiles castellated per the results of the JET
fatigue tests, i.e. approximately 6.5 x 7mm, up
to 8mm deep, of 0.5mrn width castellations,
0.25mm radius, have shown no signs of low
cycle thermal fatigue at flux densities of
~25MW/m? 4Hz (swept plasmas). For unswept
plasmas severe surface melting obtains 0.25mm
radius, have shown no signs of low cycle
thermal fatigue at flux densities of ~25MW/m2,




4Hz (swept plasmas). For unswept plasmas
severe surface melting obtains at a similar flux
density. It is estimated that ~200 cycles have
been carried out in recent JET experiments with
no evidence for large thermal fatigue cracks
under these conditions.

Figure 3 shows a view of the S65¢ Mark I
beryllium tiles in the region where strong
melting has been sustained. In fact nearly 3mm
of material has been melted and displaced
laterally to solidify as large drops of beryllium.
The largest of these drops is nearly 8mm in
diameter. The character of the melted surface
due to tokomak operation is markedly different,
cf figure 4 for a view of a thermal fatigue test
tile with ~ 10° pulses at ®<25 MW/m?-
Detailed metallurgical investigation of the MKI
tiles is to search for lateral cracks hidden by
resolidified layers or developed at the root of
castellations.

Figure 3: MkI Beryllium tiles

S. BE CLAD PFC

The JET testing programme for thin
claddings 2-3mm Be onto CuCr vapotrons, has
been extensively documented, (6). All of these
tests have relied upon S200, also S200H

material. More recently work has been done for
thick 10mm layers of S65c clad to a vapotron.
Details of this testing are to be presented
elsewhere (4). However, the non-destructive
part of this work, i.e. avoidance of surface
melting showed that for S65¢ cladding, some
100 cycles at 5 MW/m® were sustained with
Tozeee < 600°C and with no evidence of surface
failure. These claddings are 27mm x 27mm.
Experience from previous JET testing of inertial
tiles would have predicted lateral cracking of the
irradiated surface at SMW/m?®. This was not
observed to be the case.

Figure 4: Reference fatigue tests

The confirmation of finite element analyses is
subject to the lack of a failure criterion for
thermal fatigue in Beryllium. It is noted that
there is no published data for the fatigue of any
grade of beryllium at elevated temperatures (8).
Recent results, reported later in this conference



Table 1. S65c fatigue tests, flux densities MW/m?2
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(9), suggest that S65¢ is superior to S200 in
terms of resistance to cracking due to thermal
shock. Modelling of these latter experiments
confirms the need for a model of the plastic
behavior of beryllium under thermal loadings.

6 CONCLUSIONS

The data presented here suggest that there is
a substantial reduction in the fatigue lifetime of
S65c for temperatures in excess of 600°C. In
attempting to model this effect the sparseness of
the database on material properties is noted. In
particular, in view of ITER requirements, the
need is clear for material properties at all
temperatures up to the melting temperature of
beryllium.

The principal mechanism for the fatigue
failure seen in these experiments is anticlastic
bending of material along diagonal vertical
edges of castellations. Modelling shows that the
location of peak plastic strain in finite element
analyses is sensitive to the value of Poisson's
ratio, particularly the value of this quantity at
elevated temperatures. The little data that has
been published is contradictory for the
temperature evolution of Poisson's ratio for any
grade of beryllium (8).
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Abstract

A novel technique has been used to test the relative low cycle thermal fatigue resistance of different grades of
US and Russian beryllium, which is proposed as plasma facing armor for fusion reactor first wall, limiter, and
divertor components. The 30 kW electron beam test system at Sandia National Laboratories was used to sweep the
beam spot along one direction at 1 Hz. This produces a localized temperature "spike" of 750 °C for each pass of the
beam. Large thermal stresses in excess of the yield strength are generated due to very high spot heat flux, 250
MW/m’, Cyclic plastic strains on the order of 0.6% produced visible cracking on the heated surface in less than 3000
cycles. Anin-vacuo fiber optic borescope was used to visually inspect the beryllium surfaces for crack initiation.
Grades of US beryllium tested included: S-65C, S-65H, S-200F, S-200F-H, SR-200, I-400, extruded high purity,
HIP'd spherical powder, porous beryllium (94% and 98% dense), Be/30% BeO, Be/60% BeO, and TiBe1. Russian
grades included: TGP-56, TShGT, DShG-200, and TShG-56. Both the number of cycles to crack initiation, and the
depth of crack propagation, were measured. The most fatigue resistant grades were S-65C, DShG-200, TShGT, and
TShG-56. Rolled sheet Be (SR-200) showed excellent crack propagation resistance in the plane of rolling, despite
early formation of delamination cracks. Only one sample showed no evidence of surface melting, Extruded (T).
Metallographic and chemical analyses are provided. Good agreement was found between the measured depth of cracks
and a 2-D elastic-plastic finite element stress analysis.

1. Introduction

Beryllium has been used successfully as limiters
for protecting the first wall and vacuum vessel of
tokamak physics experiments since 1984 when
beryllium was first used as a rail limiter on the
UNITOR tokamak [1]. Subsequent use on both the
ISX-B tokamak [2] and the Joint European Torus
(JET) tokamak [3] has demonstrated the positive
effects on plasma performance. Beryllium, with its
.low atomic number (Z=4), excellent capability in
gettering oxygen, and high thermal heat capacity and
conductivity, has resulted in lower plasma impurity
levels, reduced plasma dilution, enhanced wall
pumping, reduced density limit disruptions, and
reduced runaway electron events, despite occurrences of
local melting and cracking [3,4].

Beryllium is proposed as a protective armor
material on plasma facing components (PFC’s) for the
next generation of tokamak experiments, including the
International Thermonuclear Experimental Reactor
(TER). This deuterium-tritium burning machine,
with a fusion power = 1500 MW, and long-pulse

operation, 1000 s, will subject the PFC’s to heat
fluxes in the range of 1-20 MW/m® for up to 10,000
cycles. Long-pulse operation will require active
cooling to maintain steady-state surface temperatures
of the 5-10 mm thick armor tiles in the range of 600-
800 °C. Beryllium tiles must be permanently bonded
to a water cooled copper alloy heat sink to provide
adequate cooling.

Critical issues for using beryllium in ITER include:
(1) thermal fatigue cracking, (2) tritium inventory,
loss of melt layers during plasma disruptions, (3)
reliable bonding to the copper heat sink, and (4)
neutron damage effects. However, in this paper, we
will focus only on the issue of thermal fatigue
cracking. Thermal stresses, due to the large
temperature difference across the tile, can be quite large
due to the large coefficient of thermal expansion
(CTE) and elastic modulus (E). Large thermal
stresses, when combined with the inherently low
ductility of beryllium (3-5% for S-65C at 25 °C), can
result in thermal fatigue cracking in a relatively low
number of cycles.




Cracking should be avoided if it leads to: (1)
erosion of material, (2) a reduction in thermal
conductivity if cracks run across the direction of heat
flow, or (3) a water leak if the cracks propagate
through the tile and into the copper heat sink.
Cracking is expected to be worse in neutron-irradiated
beryllium, due to the embrittling effect of (n,alpha)
helium gas bubbles in both the matrix and along grain

boundaries, which causes a severe loss of ductility.

Grades of beryllium other than S-65C have been
proposed for use in ITER. In this paper, we will
describe how the SNL e-beam test facility was used to
rapidly produce low cycle fatigue damage on 14
different grades of beryllium and 3 other beryllium
materials. The goal was to rank the relative resistance
to crack initiation and propagation of the various
grades, in an attempt to help select the best for ITER
PFC’s. This work was performed in support of the
ITER technology R&D task, T-221, “Beryllium and
Other Armor Materials™.

The primary motivation for developing this new
screening technique is to reduce the high costs
associated with traditional methods of fatigue testing
of beryllium at elevated temperature, especially
combined thermo-mechanical fatigue testing. For this
reason, the e-beam spot heat loads used in our tests
were much larger than expected in ITER operation.
This allowed us to accelerate the rate of damage
accumulation, and, hence, minimize the time needed
to complete a large number of cycles. This technique
could easily be used for testing neutron-irradiated
samples in a hot cell e-beam facility, such as the
JUDITH facility at KFA in Juelich, Germany.

2. Literature Review

No references were found on fatigue properties of
modern grades of beryllium using standard ASTM
rotating bar or round bar tensile test geometries.

Previous studies by the fusion community on the
thermal fatigue cracking of beryllium using electron or
ion-beam test facilities have shown a wide variety of
behaviors, depending on the geometry, heat flux, and
pulse length.

Sandia National Laboratories (SNL) in
preparation for the ISX-B tokamak experiment in
1984, performed thermal cycling with a rastered e-
beam of a 2.54 cm cube of S-65B beryllium at a heat
flux of 25 MW/m? for 0.3 second pulses [5,6]. These
tests showed that a fine network of microcracks

developed on the heated surface after only 25 cycles,
when viewed in the SEM.  Cracks visible to the
naked eye were observed after 500 cycles. Finally, a
large single crack ran down through the bulk of the
cube to a depth of 7 mm after 800 cycles. Additional
cycling to a total of 1500 cycles produced no further
growth. Chemical etching of the surface did not
prevent cracking. Finite element analysis predicted a

cyclic plastic strain of 0.5% at the heated surface [5].

Examination of the beryllium limiter tiles after
3600 tokamak shots in ISX-B, showed a similar
pattern of surface microcracks [2].

In preparation for the use of beryllium limiter
tiles in JET, e-beam testing of a prototype S-65B
limiter tile was performed at SNL in 1986 [7]. At a
surface heat flux of 2.5 MW/m® for 15 s pulses, a
large array of surface microcracks were observed with
the naked eye after 3000 cycles. After 10,000 cycles,
these vertical cracks had grown to a depth of 4 mm.
The rate of crack growth decreased as the crack depth
increased (presumably due to the lower cyclic stresses
at greater depths). Finite element analysis indicated a
cyclic plastic strain of 0.15% at the heated surface.

Subsequent e-beam tests on a new set of S-65B
tiles at higher heat loads, 4-5 MW/m? for 10 s pulses,
showed dramatically different results [8]. Cracking of
unslotted tiles was characterized by a single, wide crack
growing to a depth of 20-30 mm after a few thousand
cycles. Also, so-called “lateral” cracks (e.g. parallel to
the heated surface) were observed, for the first time, in
both slotted and unslotted tiles at a depth of 3-4 mm
from the heated surface, growing from the free edge
towards the bulk.

High heat flux testing of S-65B beryllium ‘Mark
I’ divertor target tiles was done in 1992 at JET using
their Neutral Beam Test Bed [9]. Testing on tiles 10
mm x 15 mm with castellations 10 mm deep produced
a pattern of cross-shaped vertical cracks after 1000
cycles at 14 MW/m? for 0.1 s pulses. After a total of
5000 cycles, the tiles were inspected and found to also
have lateral cracks running parallel to the heated
surface at a depth of approximately 1 mm. Local
melting above the lateral cracks was observed
(presumably due to the lack of good heat conduction).
Subsequent testing of smaller tiles, 6 mm x 6 mm,
showed no evidence of macroscopic cracks after 10,000
pulses at 18 MW/m? for 0.1 s pulses. A final test
sequence on a third set of tiles at 25 MW/m? for 0.1 s
pulses showed local melting due to lateral cracks
growing from the four comer edges. No evidence of



vertical cracks was seen. These tests found that
increasing the initial temperature from 100 °C to 250
°C improved the fatigue lifetime from 1000 to 5000
cycles (presumably due to the improved ductility of
beryllium .at higher temperatures). The issue of

anisotropic thermal expansion in the remelted zone,
with columnar grains, above the lateral cracks was
raised by the authors as possibly contributing to the
formation of lateral cracks. Finite element analyses
showed cyclic plastic strains developing at the heated
surface. Also, tensile stresses were predicted along the
free vertical edges at the approximate location where
lateral cracks were located

High heat flux testing of S-65B beryllium tiles
brazed to a water cooled copper hypervapotron heat
sink was performed at JET in 1993 [10]. Three
different tile thicknesses were tested: 1.5 mm, 2 mm,
and 3 mm. No evidence of surface cracking was
observed after 1000 cycles at 12.5 MW/m? for 1 and 2
s pulses. However, melting of a few tiles was
observed after failure of the braze joint occurred [11,
12].

Electron beam testing at SNL in 1994 was
performed on 5 mm thick Russian TGP-56 beryllium
tiles diffusion bonded to a water-cooled dispersion
strengthened copper alloy heat sink [13]. No evidence
of fatigue cracking on the surface of the beryllium was
observed after 9200 cycles at 5 MW/m® for 15 s
pulses. The test was terminated after debonding
occurred at the Be/Cu interface. Finite element
analyses predicted that cyclic plastic strains were zero.

In summary, beryllium plasma facing
components can develop cracks from cyclic high heat
flux irradiation. Both vertical and lateral cracks have
been observed. Key controlling factors include the
heat flux, pulse length, and degree of geometrical
constraint. A critical controlling parameter appears to
be the level of cyclic plastic strain, with higher values
leading to shorter numbers of cycles to crack
initiation.

3. Finite Element Analysis

The low cycle fatigue geometry is shown in
Figures 1 and 2. In our experiment, we stacked 14 tiles
side-by-side so that many different samples would be
subjected to the same heat flux history. The tiles were
clamped on both sides by water-cooled copper blocks,
.including a Papyex graphite paper gasket, to remove
the time-averaged heat deposition and prevent thermal
ratcheting.

3.1 Finite element model

A 2-D finite element mesh of the beryllium tile
was generated with PATRAN [16], and analysed with a
general-purpose finite element code, ABAQUS 5.4

[17], running on a HP 735/125 UNIX workstation.
Because the tile is thin (5 mm) relative to its other
dimensions (25.4 mm), we felt that a 2-D plane stress
model would provide a reasonable approximation.
First, a transient thermal analysis was performed, and
then the resulting temperatures were then applied to an
elastic-plastic stress analysis. Fig. 3 shows the mesh
that was used. It consists of 3804 nodes and 1221 8-
noded isoparametric quad elements (DC2D8 for
thermal, and CPS8 for stress). A smaller mesh size
was used in the region where the steepest gradients
were expected, i.e. underneath the beam spot. The size
of the smallest elements was 0.2 mm x 0.2 mm. In
ABAQUS, the direction labeled “1” corresponds to the
X-direction, and “2” to the Y-direction. Table 1 lists
the temperature-dependent thermal properties of S-65C
that were used in the analysis [7].

To simulate in ABAQUS the heating during one
complete cycle at 1 Hz sweep frequency, a constant
heat flux = 80 MW/m?® was applied over a 2 mm wide
spot for a pulse length = 0.06 seconds. Subsequently,
the heat flux is tumned off for 0.94 seconds. The heat
flux was determined by taking the e-gun power, 1300
W, times an estimated absorption factor, 0.6, and then
dividing by the heated area of a single tile, 2 mm x 5
mm. This gives 80 MW/m®. The pulse length was
determined by taking the fraction of the total cycle
time, 1 s, which is spent traversing the width of a

single tile, (5 mm/84 mm x 1 s =0.06 s). We
assumed that the velocity of the beam spot (v = 84
mm/s) was sufficiently fast that the peak beam spot
heat flux (250 MW/m?) was effectively spread out over
the entire width of one tile.

The general 3-D thermal response of a rapidly
moving spot heat source on a copper plate has been
modeled analytically-by Sheng and Howell [15] for an
e-beam moving a 200 meters/s with a beam power of
1000 W. Fig. 4 shows the general shape of the
surface temperature profile for a Gaussian e-beam spot
profile. The rapid drop-off in temperature of the
leading edge can easily be seen because the spot’s
velocity is much greater than the velocity of a thermal
diffusion wave in copper.

In our experiments, however, the spot velocity is
3 orders of magnitude slower, only 0.084 meters/s (84
mm/s) for a 14-tile stackup length of 84 mm and 1




sweep Hz frequency. This is very close to the velocity
of the thermal diffusion wave in beryllium. This
implies that significant “pre-heating” will occur 1-2
mm out in front of the beam spot. This effect was
actually observed in our tests; (1) both the heat affected
zone (HAZ) was wider at the beam’s exit from the
sample that at the beam’s entrance, and (2) more
melting was observed at the beam’s exit than entrance.
Only with a detailed 3-D thermal analysis, including
the small beam spot ( diameter =2 mm) traversing the
thicker tile (5 mm), would a more accurate analysis of
the real temperature response be obtained. The 2-D
model used in this paper is intended only to predict the
qualitative thermo-mechanical response.

3.2 Thermal analysis results

Fig. 5 shows the temperature response for a
single on/off cycle at the hottest point on the surface
of the beryllium tile directly underneath the beam spot.
The peak temperature rises from 25 °C to 750 °C
during the 0.06 s time that the heat flux is on. This
agrees reasonably well with what was observed
experimentally. The hot spot has cooled back down to
35 °C at the end of the 1 s cycle, indicating that only a
small amount of thermal ratcheting would occur with
multiple cycles. Fig. 6 shows the contours of
constant temperature at the end of the heating pulse
(t=0.06 s). The very steep temperature gradient is
confined to a region roughly 2 mm deep. Fig. 7 plots
the temperature as a function of distance from the
heated surface (in cm) along a line drawn parallel to the
Y-axis, through the symmetry line of the tile (path A-
A’ in Fig. 3). Fig. 8 shows the temperature profile at
t=0.06 s along a line following the heated surface from
left side to right side of the tile (path B-B’(cm) in Fig.
3).

3.3 Stress analysis results

The same mesh used for the thermal analysis was
subsequently used for the stress analysis. No
mechanical constraint was applied to the tile in
ABAQUS since the copper cooling blocks clamped to
the sides applied little actual force. The complete
transient temperature history for the first
heating/cooling cycle was applied to each cycle of the
stress model.

Table 2 lists the temperature-dependent
mechanical properties for S-65C that were used [7]. A
bi-linear stress/strain curve was used, as shown in Fig.
9. Kinematic hardening was used. No attempt was
made to adjust the material properties for the other
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grades of beryllium, despite the fact that the yield
behavior, and anisotropy vary widely among them.

Initially, only an elastic analysis was performed.
Peak stress in the X-direction, G,, at the heated surface
was found to be -1270 MPa. This exceeds the yield
strength of S-65C beryllium at 750 C by
approximately 14 times, clearly that indicating plastic
yielding would occur during heating. Subsequently,
all calculations were performed using the elastic-plastic
model described earlier. We will report centroidal-
averaged results for element #1086, which is located at
the heated surface along the symmetry plane of the
model. Element #1086 also experiences the highest
temperature swings.

Fig. 10 shows the deformed mesh plot
(magnified by 200 times) at the end of the 0.06 s
heating pulse. The thermal expansion is confined to
the region of highest temperature rise. Fig. 11 shows
the contours of ¢, at the end of the heating pulse.
Peak compressive stresses equal to -260 MPa are
located on either side of the hot spot. At the center of
the hot spot, a lower compressive stress is found, -130
MPa, due to the fact that the higher temperatures are
causing a lower yield strength. There is a peak tensile
stress in the bulk of the beryllium equal to 114 MPa.

Fig. 12 shows contours of plastic strain in the
X-direction, &, at the end of the heating pulse. The
plastic strain is concentrated in the region directly
undemneath the heated spot, and extends to a region
only about 2 mm wide by 2 mm deep. The peak
plastic strain, -1.0 %, occurs at element #1086.

Fig. 13 shows the time evolution of &, for the
first on/off cycle for element #1086. The compressive
stress increases rapidly up to a maximum value of
-260 MPa during the first 3 milliseconds when the
temperature has risen about 100 °C. Then, with
increasing temperature up to 750 °C, plastic yielding .
occurs, and the peak compressive stress decreases to
-130 MPa. Next, the heat flux is turned off, and the
temperature gradient relaxes. The G, stress reverses
sign and becomes tensile, first elastically, then
plastically, as the yield strength is exceeded during
cooldown. Within about 0.2 s, the temperature pulse
has relaxed sufficiently that only small changes in the
peak tensile stress of 240 MPa occur from 0.2 to 1 s.

Fig. 14 plots the time evolution of the plastic
strain in the X-direction, €,,, during the first on/off
cycle for element #1086. The compressive plastic
strain increases continuously up to a peak value of



-0.9 % at the end of the 0.06 s heating pulse. This
value then decreases as the temperature pulse decays
during the cooldown, leaving a permanent “residual”
compressive plastic strain of -0.3% at the end of the
first cycle.

Fig. 15 shows the deformed shape (magnified by
200) at the end of the cycle (t=1 s). The residual
plastic strain produces a small “bump” on the surface.
Fig. 16 shows the contours of G, at the end of the
cycle. Peak tensile stresses of 250 MPa occur on
either side of the hot spot, with a value of 210 MPa in
the center (element #1086). Also, a peak residual
compressive stress equal to -180 MPa is located about
2 mm below the surface. Figs. 46-49 show zoomed-in
plots of Figs. 6, 11, 12, and 16, respectively

Next, a total of 12 on/off cycles was applied to
the model, using the same transient temperature
history shown in Fig. 5. Fig. 18 shows the combined
stress vs plastic strain curves for element #1086.
Shakedown to a stable response occurs during the first
6-8 cycles. The cyclic plastic strain for this element,
i.e. the difference in plastic strain between the end of
the heating pulse and the end of the cooling cycle, is
0.65%. Kinematic hardening is used in this case. This
figure also shows the large stress swing that element
#1086 undergoes each cycle, from -260 MPa to +240
MPa, a stress swing AG, equal to 500 MPa.

Fig. 19 shows the equivalent hysteresis loop for
isotropic hardening. Clearly, convergence to a stable
loop has not happened, and the growth in gross plastic
strain appears to be proportional to the number of
cycles. Such a response, similar to “plastic
ratcheting”, may explain the large bump on top of the
samples. The cyclic plastic strain, 0.5%., is smaller
than with kinematic hardening. However, the cyclic
stress has increased to 650 MPa.

Fig. 20 shows the time evolution of the plastic
strain, €, for element #1086 with kinematic
hardening. Fig. 21 shows the same variable for
isotropic hardening.

Fig. 22 plots the stress, o, , as function of
distance from the surface (along path A-A’ in cm), at
the end of the heating pulse, and at the end of the
cooling cycle. The difference between these two
curves is equal to the cyclic stress, Ac,. The
distribution of cyclic stress remains rather constant for
the first 1 mm, but then decays rapidly to zero at a
depth of about 2 mm. This would indicate that fatigue
cracks, once initiated, should grow rapidly through the
first 1 mm, but then slow down at they approach a
depth of 2 mm. The cyclic stress range, Ac, is
sufficiently high, 500 MPa, that rapid crack growth
would be anticipated.
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Fig. 23 plots the plastic strain, €, , as a
function of distance from the surface (along path A-A’
in cm), at the end of the heating pulse, and at the end
of the cooling cycle. The difference between these. two
curves is equal to the cyclic plastic strain, Ag,,. The
distribution of cyclic plastic strain decays rapidly to
zero at a depth of 0.8 mm. This would indicate that
fatigue crack initiation should be concentrated in a
region than 0.8 mm deep. With peak cyclic plastic
strain values exceeding 0.6%, crack initiation should
be expected to occur rather quickly.

A full 3-D analysis should be performed next in
order to properly understand the magnitude of the out-
of-plane stresses, which could be significant.
Inclusion of the finite thickness in a 3-D model will
most likely increase the levels of plastic strain.

4. Experimental Procedure

The matrix of test samples consisted of 14
different grades of beryllium metal, 2 types of Be/BeO
composites, and 1 type of beryllide. We decided to
include the widest possible range of processing
conditions in order to cover all of the modern grades of
beryllium.

Table 3 lists the various grades of beryllium that
were obtained from Brush Wellman and from the
Efremov Institute. Five samples of each grade were
provided. Some experimental materials were also
provided by Brush Wellman: 94% dense Be, 98%
dense Be, Be +30% BeO, Be+ 60% BeO, and titanium
beryllide, TiBe,,. Each tile was 2.54 cm x 2.54 cm x
0.5 cm for the US grades, and 0.6 cm thick for the
Russian grades. All of the US samples were
chemically etched after machining, and degreased with
an industrial grade, water based degreaser, then rinsed
with acetone and methanol. Some of the Russian
samples have a silvery, reflective finish which may be
a the result of electropolishing.

4.1 Description of Brush Wellman materials

S-200F is a vacuum hot pressed (VHP) beryllium

grade made from impact ground beryllium powder. It
is the most commonly used structural grade, has
medium BeO content and anisotropic properties.




S-200F-H is a hot isostatically pressed (HIP)
beryllium grade made from impact ground beryllium
powder. It is the most commonly used structural
grade, has medium BeO content and isotropic
properties.

S-65C is a vacuum hot pressed (VHP) beryllium
grade made from impact ground beryllium powder.
This grade has the lowest metallic impurity
concentration level and lowest BeO content of the
Brush Wellman structural grades. It has anisotropic
properties and the highest high temperature elongation
of all the Brush Wellman grades.

S$-65H is a hot isostatically pressed (HIP) beryllium
grade made from impact ground beryllium powder.
This grade has the lowest metallic impurity
concentration level and lowest BeO content of the
Brush Wellman structural grades. It has isotropic
properties.

SR-200 is a vacuum hot pressed (VHP) beryllium
grade made from impact ground beryllium powder.
The sheet is made by cross-rolling a billet at elevated

temperatures while encased in a steel can. It has
medium BeO content and highly anisotropic
properties.

1-400 is an instrument (I) grade made by vacuum hot
pressing (VHP) powder that has been impact ground
and then ground in a ball mill. It has one of the
highest microyield strengths of the instrument grades
and has a very high (4.25% min.) BeO content.

HIP’d Spherical Powder Beryllium is usually
made from comminuted powder which is either
platelike in shape or blocky. This new spherical
powder grade is made by inert gas atomization of
molten beryllium to minus 325 mesh spheres followed
by hot isostatic pressing. It has among the lowest
oxide content of the Brush Wellman grades, isotropic
properties, and shows indications of enhanced fracture
toughness.

Special BWI Extrusion Extruded beryllium has
very anisotropic properties and grain shape. This
particular extrusion used an experimental high purity
beryllium grade with very low (0.38wt%) BeO
content.

Be/30wt% BeO Composite This experimental
material is made by hot isostatic pressing from

12

powders. It is tailored for electronics heat sink
applications due to the high thermal conductivity and
low electrical conductivity of the BeO. The composite
has a low CTE.

Be/60wt% BeO Composite This experimental
material is made by hot isostatic pressing from
powders. It is tailored for electronics heat sink
applications due to the high thermal conductivity and
low electrical conductivity of the BeO. The composite
has a low CTE.

94 and 98 % Dense CIP/Sinter S-65 These
were made from S-65 grade beryllium powder by cold
isostatic pressing (CIP) followed by sintering. The
porosity can act to block crack propagation. There is
data indicating that maximum beryllium fracture
toughness is obtained with 95% dense material.

Titanium Beryllide This is TiBe, , an
intermetallic compound with a melting point (1593
°C) significantly higher than beryllium (1289 °C) . It
has good oxidation resistance, but low thermal
conductivity.

Table 4 lists some mechanical properties of US
beryllium grades, taken from material certification
sheets provided by Brush Wellman for our samples.
The grain size was measured by the linear intercept
method.

4.2 Russian Federation (RF) materials

TGP-56 This is a technical purity grade with 0.9-1.3
wt% BeO made from minus 56 micron beryllium
powder by punched hot pressing. It has quasi-
isotropic mechanical properties.

TShGT This is a technical purity grade with 1.2
wt% BeO made from beryllium powder by hot
pressing to partial density and then punching to full
density.

DShG-200 This is a high purity distilled grade
which is made by taking minus 200 micron distilled
beryllium powder and hot pressing it to partial density
and then punching to full density. It has about 0.9-
1.3wt% BeO. It has highly anisotropic properties and
the best high temperature elongation of all the RF
grades. Properties in transverse direction are generally
superior to the longitudinal direction. There is 0 %
elongation in the longitudinal direction until 300 °C is
reached.



TShG-56 _ This is a technical purity grade with 1.3
wt% BeO made from minus 56 micron beryllium
powder by hot pressing to partial density and then
punching to full density. It has anisotropic
mechanical properties.

Table 5 lists the chemical composition of US
and RF beryllium grades. All analyses were performed
in August, 1995 by Brush Wellman on the actual tiles
used in this experiment. All grades typically have
BeO contents on the order of 1 wt%, with the
exception of 1-400, which has 6 wt% BeO. The
distilled grade, DShG-200, is not significantly purer
than the other two technical grades. There is
significant variation in the Cu and Ni concentrations
within each of the RF samples. Of the 4 Russian
samples, TShG-56 has significantly lower impurity
content.

4.3 Electron beam test setup

The 30 kW Electron Beam Test System (EBTS)
was used to apply a highly concentrated heat pulse to
the surface of each berylliuni tile. This system,
described in more detail in [14], consists of 230 kV, 1
amp (max) electron beam that can be rastered in X- and
Y-directions at frequencies up to 10 kHz. For this
experiment we chose to raster the beam only in one
direction at a frequency of 1 Hz over a total length of
8.4 cm. The concentrated heat flux produces a large
temperature “spike” underneath the beam spot, which
decays rapidly before the next traverse of the beam.
This technique was originally developed at Argonne
National Laboratories [15]. They used an e-beam
welder rastered at 1000 Hz for fatigue testing of high
strength copper alloy heat sinks used in synchrotron
radiation sources. It was quite successful in creating
fatigne damage in a short amount of time.

The power level of the EBTS was selected to be
in the range of 1000-3000 W in order to cause a
temperature rise on each tile of 400-800 °C during each
pass of the beam spot. This temperature spike
roughly follows the same range of temperatures
expected during thermal cycling of actual ITER plasma
facing components.

Although we did not measure the e-beam size,
post-test examination of the heat affected zone
indicated that the beam FWHM was approximately 2
mm wide. The raster control was programmed to be a

sawtooth pattern, with a constant velocity in one
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direction along the length of the 14 tiles, with a quick
(20 times faster) return back to the beginning. The
total length of the raster pattern, approximately 84
mm, was adjusted so that the beam spot completely
fell off the ends of the first (#1) and last (14) tiles.

Diagnostics for the EBTS consisted of a scanning
IR camera, and two spot IR (l-color) pyrometers,
covering the range of 150-550 C, and 300-1300 C,
respectively. Emissivity was set at the lowest value,
0.1, because the beryllium was initially very shiny and
reflective. No attempt was made to calibrate the
emissivity as the surfaces changed during the tests,
hence, only qualitative temperature information was
obtained. The rapid changes in the surface due to
oxidation, microcracking, and melting makes accurate
pyrometry a difficult and time-consuming procedure.
No attempt to calibrate the emissivity was made.

However, visual observation of the color of the
hot spot, after the beam had moved on to the next tile,
indicate peak temperatures of at least 600 °C.
Darkening of the surface occurred rapidly (less than
100 seconds) and left a clear visual indication of the
path of the e-beam. In many cases, clear evidence of
melting was also observed.

Initially, the EBTS beam power was set to 2700
W. Two different cases (#1 and 2) were run, where
each ‘“case” represents a different set of 14 tiles stacked
in the holder. However, it was clear that melting was
occurring before cracking. For this reason, we reduced
the gun power to 1300 W. At this level, we
estimated that the peak heat flux of the beam spot (if it
was stationary) was 250 MW/m2 Any spot on the
beryllium surface in the path of the beam would be
exposed to this peak heat flux for a time pulse of
roughly 20 milliseconds, repeated once every second
(at 1 Hz).

Three more cases (#3, 4, and 5) at 1300 W gun
power. Each tile was inspected after every 100 cycles
with an in-vacuo fiber optic borescope for any
evidence of cracking or melting. Cycling was then
continued on all 14 tiles until the last sample of the
set had cracked. In only one instance was a tile
removed before completing the entire sequence because
it had broken into many pieces (TiBe,y). If a grade
performed well in case #3, another sample of the same
grade was included in case #4. Likewise, the best
performers from case #4 were replaced with fresh tiles
and included in case #5
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A total of 56 different samples were tested in all
five cases. However, we will focus only on the results
from cases #3, 4, and 5 for the remainder of the paper.
These cases used the same beam parameters.

5. Experimental Results
5.1 Crack initiation lifetime

Our criteria for determining crack initiation was
whether or not a crack was visible when looking
through the in-vacuo fiber optic borescope. We
estimated that cracks had to be at least 1 mm long and
20 microns wide on the surface in order to be seen by
the borescope. Fig. 24 summarizes the number of
cycles required to produce visible cracks for cases 3, 4,
and 5. The uncertainty is -100 cycles, since that was
the frequency of observation. The sample of TiBe,,
cracked into many small pieces within only a few
shots, and was subsequently removed from test
sequence #3. We realize that the statistics are rather
poor (only one sample per case, and, at most, three
repeats). Hence, the data shown is intended to indicate
only qualitative trends, not absolutely accurate results.
The scatter in some of the grades is quite large. This
is typical of fatigue testing, and up to 7 identical tests
are often used to get adequate statistics. Fig. 25 shows

the same data averaged over the 3 cases.

The samples with the best resistance to crack initiation
were:

» S-65C (L)
DShG-200
S-65C (T)
TShGT
S-65H
TShG-56

The samples with the worst resistance to crack
initiation were:

* TiBel2

* Be/60wt% BeO
* Be/30wt% BeO
» 1400 (L)

+ SR-200

* 94% S-65

5.2 Macroscopic examination of heat affected zone

There are a number of common features among
the samples. Looking down on the heated surface (top
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view) there is a clearly defined heat affected zone
(HAZ) which is usually dark brown or black, with
parallel bands of lighter color. It has the appearance of
heavily oxidized metal. Many of the samples have a
single major crack running down the middle of the
HAZ paralle] to the beam path, but rolled sheet and
extruded samples have major cracks perpendicular to it.

The HAZ is typically 2 mm wide. In most
samples, the HAZ is wider, and the damage was more
severe, on the side where the beam exited the sample.
Surface melting was also observed, more so on the
beam’s exit side. On many samples, the tile’s width
is narrower in the HAZ, more on the beam exit side
than on the entrance side, by as much as 0.4 mm.
Some tiles that cracked perpendicular to the beam’s
path expanded in width, rather than contracting.

Looking perpendicular to the heated surface (side
view), all samples show a elliptical-shaped discolored
area underneath the beam spot, consisting of both
darker and lighter bands. The sharp change in color
from dark brown to a light grey may be caused by
different thicknesses and morphology of the BeO layer
[13]. All samples have a raised hump in the material
which is tallest directly undemeath the center of the
beam path. The height of the hump is typically 0.2-
0.4 mm tall. This hump is also characterized by a
network of many fine cracks which are tens of microns
long. Many samples showed evidence of surface
melting. Some showed evidence of net erosion of
material, especially the samples with high BeO
content.

Many samples show a single thin, straight crack
descending from the highest point of the hump
perpendicular to the heated surface. Crack depths range
from 0.1 mm to 2.0 mm, with the average being
about 1.0 mm. These cracks were usually deeper on
the side of the tile where the beam exited the sample.
On some samples this single crack curved over
roughly 90° into a “T” shape. A few samples showed
lateral cracks running parallel to the heated surface at a
depth of approximately 0.1 mm below the surface.

Surface melting is another measure or indicator
of poor thermal performance, among the various grades
of beryllium metal, since it must be related to the
number, size, and direction of cracks which effectively
hinder the good flow of heat. The samples which
showed_no evidence of surface melting are:

« SR-200 (case 4 only)



. S-65(T)
« Extruded (T)

(case 4 only)
(cases 4 & 5)

5.3 Macrographs of selected samples

Figures 26-39 show photomacrographs of selected
samples. A wide range of crack morphology can be
seen.

5.4 Microscopic examination of selected fatigue cracks

Figures 40-43 show microphotographs of
selected samples. The mean grain size was measured
using the linear intercept method on selected tiles from
case #5 after cycling. The measurement was taken
approximately 5 mm away from the HAZ. The US
grades showed a range of mean grain size from 5-12
microns. The mean grain size for DShG-200, 18.8
microns, is roughly twice as large as typical US
grades. Also, the RF grade, TShG-56, showed an
unusually large range of grain sizes, from 8 to 105
microns, within one sample.

5.6 Crack propagation depths

The cracks tended to fall into two categories:
either straight, narrow and long or blunt, wide and
short. The blunt, wide and short crack morphology
was correlated with the best crack initiation resistance.
Only one sample had both types of cracks: S-65C
with the transverse direction parallel to the heated
surface. This sample shows a long, straight, narrow
crack propagation from one of the blunt cracks. There
was no strong correlation with microstructural features
such as grain size and inclusion concentration, but
there was a complicated relationship with texture. The
highly textured grades (sheet and extrusion) performed
worse than partially textured grades such as VHP. HIP
grades, which have minimal texture, performed worse
than VHP grades.

Table 6 lists the crack depths measured from the
side for all samples in cases 4 and 5. Samples in case
4 all received 2700 cycles, and 2400 cycles for case 5.
The average length of all the samples was 0.8 mm
(excluding TiBe,,). Typically, the cracks on the
beam’s exit side were 20% longer than on the beam’s
entrance side. Crack depths for case 5 were 24%
longer than case 4, on average. The average crack
depths are shown in Fig. 44.

The samples with the shortest cracks are:
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« SR-200°

« TShGT

. S-65C (L)

« DShG-200
* Be/60% BeO
« TShG-56

“The length of the delamination crack is 0.6 mm deep.
The samples with the Jongest cracks are:

* TiBe,,

*» Extruded (L)
» S-200F (L)
» 1400 (D)

» TGP-56

6. Discussion

6.1 Fatigue resistance

There are two significant components to life of a
material in low cycle thermal fatigue: crack initiation
and crack propagation. Although crack initiation
resistance is an important characteristic to use in
material selection, actual in-system use will not be
limited by the initiation of a ten micron long crack.
The limit on use will be propagation of that crack (1)
to the extent that the beryllium spalls off, (2) the
extent to which heat transfer is decreased by a laterally
spreading cracks, or (3) the crack penetrates to the
water cooled substrate causing a water leak.

Fig. 45 summarizes the experimental results; it
shows both the crack initiation cycles and crack
propagation depths. TiBe,, is not shown, because the
crack depths are off the scale (16 mm). If we look at
just the grades of beryllinm metal with isotropic and
near-isotropic properties (S-65C, S-65H, S-200F, S-
200F-H, 94% S-65, 98% S-65, 1-400, TGP-56), we
see an obvious trend. Samples in this group with
high number of cycles to crack initiation also have
low crack propagation depths, and visa-versa. This
could be because they are tougher, or simply because
there haven’t been many cycles after crack initiation to
propagate cracks decper. Likewise, samples which
initiate cracks early on have more time (e.g. cycles) to
grow the crack deeper.

Some samples, such as SR-200, Be/30wt% BeO,
and Be/60wt% Be), fall outside the trend described
above. They show poor resistance to crack initiation,




but excellent resistance to crack propagation. The
composites of BeO composites are easy to initiate
cracks because they are brittle, but resist growing
cracks because the thermal expansion coefficient of
BeO is low, which reduces the cyclic thermal stress.

For the case of SR-200 (TShGT also), the low
strength and ductility in the direction perpendicular to
the plane of rolling explains why these samples
formed a delamination crack relatively quickly.
However, in-plane, vertical cracks (when viewed from
the side), show excellent resistance to growth. This
is probably due to the outstanding mechanical
properties in the plane of rolling (350 MPa Yield, 550
MPa Ultimate, and 25% elongation, at room
temperature for SR-200, from Table 4). Use of
beryllium in this form, as sheet “lamellae”, bonded to
a copper tube with the tube running perpendicular to
the plane of the sheet, has been proposed for ITER
high heat flux components by Merola, Matera,
Federici, and Chiocchio [18].

6.2 Performance of VHP grades versus HIP grades.

The reason why VHP grades performed better
than HIP grades is not clear. One hypothesis is that
there is more particle movement and hence more
abrasion of the surface oxide in VHP compared to
HIP, but this has not been confirmed. This
hypothesis may help explain the good performance of
some of the RF grades which had a wide range in grain
size and very high BeO contents. Any forging which
may have occurred probably broke up the continuous
oxide film of the prior particle boundaries and provided
greater total area of metal to metal bonding. TEM
photographs also show that HIP grades have a more
uniform oxide layer at the grain boundaries. VHP
grades have been processed at much higher
temperatures and at longer times, which allows the
grain boundary oxide to coarsen.

6.3 Effect of Impurity Levels

Note that the two grades with nominally the
lowest metallic impurity levels (excluding BeO)
performed the best by crack initiation standards. S-
65C is the highest purity structural beryllium grade in
the Brush Wellman series of alloys, and the DShG-200
is the highest purity grade of the Russian Federation
materials. Material purity is a strong controlling
parameter given that basic material parameters such as
microalloying and grain size are within acceptable
limits. However, other factors must be important

16

since there is poor correlation between Brush Wellman
parameters and Russian Federation material parameters
for the most successful materials: especially impurity
concentrations, grain size, BeO content and
microalloying appear to be different.

The low cycle fatigue tests indicate that the BeO
concentration is not necessarily a robust predictor; the
highest BeO concentration grade (I-400) performed
identically to the lowest BeO concentration grade (BWI
special extrusion).

6.4 Resistance to surface melting

Only three samples resisted surface melting in
case 4: SR-200, S-65C, and extruded (T). Only the
extruded (T) did not melt in case 5. Case 5 appears to
have had a more intense beam spot heat flux. Three
observations point to this: (1) melting of more tiles
in case 5, (2) shorter number of cycles to initiate a
crack (20% fewer cycles on average in case 5), and (3)
longer cracks (24% longer on average in case 5). The
good resistance to melting of the SR-200 and S-65
correlate well to the short crack depths that was
observed. In the case of extruded (T) sample, the lack
of melting, despite a deeper crack (1 mm), indicates
that the crack was vertical and did not hinder the good
heat conduction.

6.5 Comparison with finite element model results

Despite the shortcomings associated with using a
2-D finite element model, relatively good agreement
can be found with the experimental observations. The
size of the heat affected zone agrees well with the
temperature profiles. The large amount of cyclic
plastic strain, estimated to be 0.6 %, is consistent
with the low number of cycles to crack initiation. The
profile of cyclic stress is consistent with the
observatior of crack depths. The curvature of deeper
cracks into a “J” shape that was observed is consistent
with the concentration of compressive stress a few
millimeters below the heated surface. The formation
of a “bump” on top of the surface is predicted by the
model. The orientation of the main vertical crack (e.g.
parallel to the beam traverse), is consistent with the
direction of maximum tensile stresses predicted by
ABAQUS. Of course, this doesn’t apply to those
samples with highly anisotropic properties. Finally,
the observation that cracks are open at the heated
surface when viewed at room temperature is consistent
with the residual tensile stress state developed upon
cooldown.



7. Recommendations for Future Work

A metallographic study should be made of
samples immediately after crack initiation is made.
This would elucidate the crack initiation mechanism,
which could aid in optimization of beryllium grade.
The SNL low cycle fatigue tests investigated the
number of cycles to initiation, but then continued
cycling such that most materials had significant crack
propagation. In fact, many of the long cracks changed
modes by the conclusion of the test. The actual
mechanism of crack initiation cannot be determined.
Determination of the initiation mechanism may
contribute significantly towards grade optimization for
use in a tokamak.

The rankings shown here are only done to
illustrate the differences in ranking which can resuit
from the two different ranking measurements. The
rankings are not statistically significant. Much more
data is needed to make these rankings valid because
fatigue measurements generally exhibit a large amount
of scatter.

The work reported here is an important
preliminary step in evaluating materials based upon
tokamak thermal fatigue conditions. One obvious
need is a calibrated e-beam profile which would allow
quantitative comparison with tokamak conditions.
Another would be reduce the temperature swing, and ,
hence, the stress swing, to a level closer to what is
expected in ITER designs. This will likely result in
longer numbers of cycles to crack initiation. So, one
possibility is to increase the sweep frequency to 10
Hz, or to reduce the beam power level. Using 10 Hz
will permit a total of 10,000 cycles in less than 20
minutes. The increased beam spot velocity will also
help to prevent pre-heating of the tile ahead of the
beam spot, which will produce a much more uniform
heat affected zone.

More tests using pre-cracked or notched samples
could be performed to focus only on the crack
propagation aspects. Also, samples which have
previously been exposed to simulated plasma
disruptions (plasma guns) could be tested. Neutron-

irradiated samples could be tested in the JUDITH
facility. Finally, samples of plasma sprayed beryllium
should be included.

Future efforts in finite element modeling should
include : (1) using a 3-D model, with a moving e
beam spot, (2) anisotropic material’s properties, (3)
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improved description of the yield surfaces (e.g.
kinematic vs isotropic hardening).

Future work should also include measurements
of the fatigue behavior, at a number of temperatures,
using standard ASTM-type specimen geometries.
Measurements of the fracture toughness, and fatigue
crack growth rate curves, is needed, as well.

8. Conclusions

A novel technique has been developed to rapidly
and efficiently determine the relative low cycle fatigue
resistance of a number of different beryllium materials.
Operating the electron beam at 1 Hz produces a
localized temperature spike of sufficient intensity such
that cyclic plastic strains on the order of 0.6% and
cyclic stresses of 500 MPa are created, producing
visible cracking in less than 3000 cycles.

A number of features were correctly predicted by
a 2-D elastic-plastic finite element analysis, including:
peak temperatures, width of the heat affected zone,

orientation of the main crack, formation of a bump on
the surface, depth of crack propagation, curvature of
crack near a compressive zone, and residual tensile
stresses causing crack opening upon cooldown. The 2-
D, plane stress model did not account for two features:
(1) out-of-plane stresses that caused delamination
cracks in rolled sheet beryllium, and (2) narrowing of
the tile due to plastic deformation.

The most fatigue resistant grades were S-65C,
DShG-200, TShGT, and TShG-56. Rolled sheet Be
(SR-200) and TShGT showed excellent crack
propagation resistance in the plane of rolling, despite
early formation of delamination cracks. Only one
sample showed no evidence of surface melting,
extruded (T), despite cracking. The good thermal
conduction is preserved because cracks only grow
perpendicular to the heated surface because of the
highly aligned grain structure in the extruded form.

The degree and morphology of cracking is
strongly dependent on the metallographic texture.
Vacuum hot pressed grades generally perform better
than hot isostatic pressed grades. Likewise for the
longitudinal direction oriented parallel to the heated
surface. Lower metallic impurity contents correlates
well with increased fatigue resistance, but BeO content
does not correlate well. The use of highly textured
beryllium, i.e. rolled sheet, in the form of thin
“lamellae” proposed by Merola appears to be an
attractive concept for improving fatigue lifetime of




high heat flux components. A second round of
electron beam experiments is recommended in order to
generate better statistics, and to improve our
understanding of low cycle fatigue behavior.
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Table 1 Thermal Properties of S-65C beryllium [7]

Thermal Thermal
Conductivity Heat Capacity Diffusivity
Temperature (C) (W/cm-K) (J/g-K) (cm?/s) Density (g/cm?)
51 1.87 1.91 0.54 1.82
139 1.52 2.24 0.38 1.81
183 144 2.35 0.34 1.81
242 1.34 2.44 0.3 1.81
291 1.29 2.53 0.28 1.8
336 1.25 2.61 0.27 1.8
400 1.17 2.67 0.24 1.79
464 1.1 2.73 0.23 1.79
543 1.02 2.78 0.21 1.78
619 0.96 2.86 0.19 1.77
700 0.88 2.94 0.17 1.76
854 (0.76) (3.09) 0.14 1.74
996 0.64) (3.22) 0.12 1.73
(extrapolated value)
Table 2 Mechanical properties of S-65C beryllium [7]
Thermal
Young's Expansion Yield Ultimate
Temperature (C) Modulus Coefficient Strength Strength Ductility
(GPa) (x10-6) 1/K (MPa) (MPa) (%)
25 310 105 271 435 3-5
100 133
200 300 14.8 233 386 17
300 16.3
400 290 17.5 178 269 50
500 18.7
600 230 19.8 120 164 29
700 20.7
800 97 21.5
900 222
1000 48 22.7
1100 233
1200 23.7
1300 24
(Poisson's Ratio =
0.08)
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Table 3 List of US and RF beryllium grades

Brush Wellman Grades

Russian Federation Grades

Experimental US Grades

S-65H TGP-56 Be/30wt% BeO, HIP
S-65C (L) VHP TShGT Be/60wt% BeO, HIP
S-65C (T) VHP DShG-200 98% dense CIP/Sinter S-65
S-200F-H TShG-56 94% dense CIP/Sinter S-65
S-200F (L) VHP TiBel2
S-200F (T) VHP
1-400 () VHP
1-400 (T) VHP
SR-200 rolled sheet
HIP'd Spherical Powder
High Purity Extrusion
Table 4 Properties of US Beryllium Grades from Certification Sheets
Ave Grain
Type Size Density Yield Strength Ultimate
(microns) % (MPa) Strength (MPa) Elongation (%)

S-65-C 8.1 99.8 284(1.),284(T) 383(L.), 383 (T) 3.0(L),3.9(1)

S-65-H 7.3 100 288(X),285(Z) 456(X),446(Z) 6.1(X),5.0(Z)

S-200-F 8.9 99.9 279(1),283(T) 373(L),407(T) 3.2(L),5.9(T)

S-200-FH 6 99.9 414(Z) 483(Z) 3.9
SR-200 348(L),363(T) 544(L),545(T) 25.5(L),24.5(T)
1400 5 99.4 583(T),520(L)
Extrusion 317(1),328(T) 731(L),414(T) 8.2(L),0.75(T)
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Table 5 Chemical composition of US and RF beryllium grades, measured by Brush Wellman, Inc.
in August, 1995

Other
Be BeO Fe C Al Mg Si Metals
Type (wt%) | (wt%) | (wt%) | (wt%) | (Wt%)| (wt%)| (wit%) | (wt%) | Zn Ni Mn

S-65C 99.4 0.6 0.07 0.03 002 | <0.01|] 0.03 <0.04

S-65-H 99.5 0.5 0.06 0.03 0.02 | <0.01] 0.02 <0.04
S-200-F | 99.2 0.9 0.1 0.08 0.04 | 0.01 0.02 <0.04

S-200-FH| 99.1 0.9 0.1 0.06 0.04 | 0.06 0.03 <0.04

SR-200 | 98.9 0.9 0.08 0.15 0.03 | <0.01 0.03 <0.04

1-400 95.4 6.2 0.13 0.12 0.03 | <0.01 0.06 <0.10

Extrusion | 99.76 | 0.38 785 001 |70 ppm| 80 | 95ppm

ppm ppm
DShG-200 0.94 1005 0.028 130 <5 | 105 ppm <10 | 345/235 | 25
ppm ppm | ppm ppm| ppm | ppm
TShGT 0.95 1185 | 0.031 120 <5 | 130 ppm <10 | 270/410 | 45
ppm ppm ppm bpm ppm ppm
TGP-56 1.3 1430 0.026 120 <5 140 ppm <10 | 980/655 | 110
ppm ppm | ppm ppm| ppm | ppm
TShG-56 0.75 255 0.061 |40 ppm| 15 | 40ppm <10 | 75ppm | 25
ppm ppm ppm ppm

Type Sc Cu Ag| Ti|Co|Pb | Ca| W | U [Mo| Cr§| N Zr B

DShG- | <5 |305/140| <3 | 65 3 | <20| 20 | <100| <30 | <20 290} 90 <10 | <
200 | ppm| ppm |ppm |ppm |ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm

TShGT 10 | 190/295| <3 | 70 5 | <20 | 30 | <100| <30 | <20] 200} 115 | <10 | <2
ppm | ppm | ppm | ppil | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm

TGP-56 | <5 |} 890/500] <3 | 135| 5 | <20 | 20 | <100 | <30 | <20 275| 140 | <10 | <2
ppm | ppm | ppm | ppin | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm j ppm

TShG-56 | <5 | 90ppm | <3 5 3 | <20 | 20 | <100 40 | <20 60 | 125 | <10 | NA
ppm Ppm | ppm | ppm | ppin | ppm | ppm | ppm | ppm | ppin | ppm | ppm
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Table 6 Lengths of longest side cracks after cycling.

Length of Longest Side Crack (mm)

Case | Tile Type Beam Entrance| Beam Exit Average case #4 case #5
No. | No. Side Side Length average average
4 none TiBel2 18 14.8 16.4
4 3-1 S-200-F-H 1.2 1.2 1.2
4 32 1-400 (T) 1.6 1.11 14 1.2
5 4-14 1400 (T) 1.1 14 1.3 0.6
4 33 SR-200 0.1 0 0.1 0.1
5 4-3 SR-200 0 0.2 0.1 0.1
4 34 S-65-H 0.74 1.26 1.0 1
5 44 S-65-H 1.2 1.5 14 1.4
4 35 Be/30wt%BeO 0.32 0.66 0.5
4 3-6 | 98% dense S-65 0.55 0.85 0.7
5 4-2 98% dense Be 0.32 0.89 0.6
4 37 Be/60wt%BeO 0 0.55 0.3
4 3-8 | 94% dense S-65 1.11 1.28 1.2
4 39 Extrusion (T) 0.6 0.77 0.7 0.7
5 4-1 Extrusion (T) 0.4 1.6 1.0 1
4 3-10 Extrusion (L) 2.04 1.38 1.7 1.7
5 4-13 Extrusion (L) 2.3 23 2.3 2.3
4 3-11 TGP-56 0.91 1.28 1.1 1.1
5 4-6 TGP-56 1.2 1.2 1.2 1.2
4 3-12 TShGT 0 0.1 0.1 0.1
5 4-7 TShGT 0.3 0.35 0.3 0.3
4 3-13 S-65-C(T) 0.3 0.3 0.3 0.3
5 4-5 S-65-C (T) 0.57 1.3 0.9 0.9
5 4-10 S-65-C (L) 0.34 0.21 0.3
5 4-8 DShG-200 0.32 0.3 0.3
5 49 TShG-56 0.7 0 0.4
5 4-11 S-200-F (L) 14 1.4 1.4
5 4-12 S-200-F (T) 0.85 1.2 1.0
Average Length 0.76 0.91 0.83 0.78 0.98
(mm)
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Fig. 10 Deformed mesh (magnified by 200 x) at the
end of heating pulse, t=0.06 s. The expansion is
greatest in the region of highest temperature rise.
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Fig. 14 Time evolution of the plastic strain &, in the

X-direction during the first on/off cycle for element
#1086. Peak plastic strain is -0.9% at t=0.06 s.
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Fig. 13 Time evolution of G, stress in the X-direction
during the first on/off cycle for element #1086. Peak
compressive stress is -260 MPa, peak tensile is 240.
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Fig. 15 Deformed mesh (magnified by 200 x) at end

of cycle, t=1s. Residual plastic strain produces a small
bump on the surface.
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Fig. 18 Combined stress vs plastic strain loops for element #1086 (kinematic hardening) for 12 cycles. Cyclic
plastic strain = 0.65?, cyclic stress=500 MPa. Convergence is achieved after 12 cycles.
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Fig. 19 Combined stress vs plastic strain loops for element #1086 (1sotrop1c hardemng) for 12 cycles. Cyclic
plastic strain = 0.5%, cyclic stress=650 MPa. Convergence is not achieved after 12 cycles.
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Fig. 20 Time evolution of plastic strain in X-
direction for element #1086 with kinematic hardening.
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Fig. 22 Profile of o, through thickness along path A-
A’ (cm) at t=0.06 s and at end of cycle (t=1 s). Cyclic
stress range, 500 MPa, remains flat for first 1 mm.
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Fig. 21 Time evolution of plastic strain in X-
direction for element #1086 with isotropic hardening.
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plastic strain is concentrated in first 0.5 mm.
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Fig. 24 Number of cycles to crack initiation for cases 3, 4, and 5, as observed by in-vacuo fiber optic borescope.
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Fig. 25 Number of cycles to crack initiation averaged over cases 3, 4, and 5, as observed by in-vacuo borescope
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10% of HAZ has a series of microcracks
traverse from left to right. The tile
HAZ. Tile 3-13. Mag. 18X.
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Fig. 27 Top view of S-65C (T) after 2700 cycles.

Transverse VHP billet orientation
surface. Rising bread loaf look for 90% of HAZ. Last

Tile 4-10. Mag. 3X.



R R o e L0 S,
e 8

e e ‘,ezsvz_.;?zav‘ e e N
A T N L P s
ke Tl vey

3 55

A o

Fig. 29 Top view of RF grade DShG-200 after 2400
cycles. Beam traverse is from left to right. Raised
surface separating into cracks and molten globules at
one end. No major cracks. Tile 4-8. Mag. 18X.

Fig. 31

Top view of S-200F (T) after 2400 cycles.
Transverse VHP billet orientation is parallel to heated

surface. Beam traverse is from right to left. Wide
meandering central crack with molten globules at left
end. Tile 4-12. Mag. 18X.
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Fig. 30 Side view of RF grade DShG-200 after 2400
cycles. Beam exit side. Shallow, medium depth HAZ
with no crack. Tile 4-8. Mag. 47X.

Fig. 32  Top view of I-400 after 2700 cycles.
Transverse VHP billet orientation is parallel to heated
surface. Beam traverse is from left to right. The top
looks like an array of mounds or castellated beryllium
which has a few cracks along that top surface that are
oriented perpendicular to the beam traverse. Tile 3-2.
Mag. 18X.



Fig. 33  Side view of I-400 after 2700 cycles.
Transverse VHP billet orientation is parallel to heated
surface. Beam exit side. Thin, straight crack in center
of HAZ. Some lateral cracks about 0.1 mm below
surface. Tile 3-2. Mag. 47X..

Fig. 34 Side view of I-400 after 2700 cycles.
Transverse VHP billet orientation is parallel to heated
surface. Beam entrance side. Thin, curved crack
starting from edge of HAZ. Tile 3-2. Mag. 47X.

Fig. 35 Top view of high purity extrusion after 2700
cycles. Longitudinal extrusion billet orientation is
parallel to heated surface. Beam traverse from right to
left. Large, wide, Y-shaped fracture. Surrounding
material Jooks like it has risen above the original
surface, and has many microcracks distributed
throughout it. Tile 3-10. Mag. 18X.
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Fig. 36 Top view of high purity extrusion after 2400
cycles. Longitudinal extrusion billet orientation is
parallel to heated surface. Beam traverse from right to
left. V-shaped crack that is very wide and very deep,
with the point of the crack at the center of tile. This
crack has a strip of globules/beads on one side. Tile 4-
13. Mag. 18X.
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Fig. 37 Top view of high purity extrusion after 2700
cycles. Transverse extrusion billet orientation is
parallel to heated surface. Beam traverse from right to
left. Very shiny copper colored deposit defining
HAZ. Two parallel, narrow cracks at either edge of
HAZ. Tile 3-9. Mag. 18X.

Fig. 39 Top view of SR-200 after 2700 cycles.
Longitudinal extrusion billet orientation is parallel to
heated surface. Beam traverse from left to right. Two
long cracks perpendicular to beam path, one halfway
and the other one quarter of the way from the beam
exit side. Rest of the surface looks granular. Tile 3-3.
Mag. 18%.
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Fig. 38 Top view of RF grade TShGT after 2700
cycles. Longitudinal extrusion billet orientation is
paralle] to heated surface. Beam traverse from right to
left. Rising bread loaf look along beam path.
Medium width crack perpendicular to beam path in
center of tile. Tile 3-12. Mag. 18X.

Fig. 40 Photomicrograph of main crack in VHP S-
65C (T) tile after 2400 cycles. Transverse direction is
parallel to the heated surface. Direction of view is
same as Fig. 27 (side view). The major cracks are
blunt and short, but also has a secondary crack that is
long and narrow. No evidence of lateral cracks.
Elongated columnar grains, 100 microns long, in
region of melted bumps on top surface. Polarized
light. Tile 4-5. Mag. 100X.



Fig. 41 Photomicrograph of main crack in VHP S-
65C (T) tile after 2400 cycles. Transverse direction is
parallel to the heated surface. Direction of view is
same as Fig, 27 (side view). Focus is on long, narrow
crack. Both intergranular and transgranular fracture is
evident, Polarized light. Tile 4-5. Mag. 250X.

Fig. 43 Photomicrograph of high purity beryllium
extrusion after 2400 cycles. Direction of view is same
as Fig. 27 (side view). Transverse extrusion direction
is parallel to heated surface. The crack tip looks
transgranular. The 90° bend in the crack is probably
due to a hard particle of some kind, and is not
representative behavior. Polarized light. Tile 4-13.
Mag. 250X.
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Fig. 42 Photomicrograph of high purity beryllium
extrusion after 2400 cycles. Direction of view is same
as Fig. 27 (side view). Transverse extrusion direction
is parallel to heated surface. Main crack is narrow,
long, and relatively straight. Polarized light. Tile 4-13.
Mag. 100X.
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Fig. 44 Summary of crack propagation depths (mm), averaged among cases 4 and 5, both sides.
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Thermal Shock Tests with Beryllium Coupons in the Electron Beam Facility JUDITH

M. Rédig, R. Duwe, A. Gervash*, A.M. Khomutov**, J. Linke, A. Schuster

Forschungszentrum Julich GmbH, KFA-EURATOM-Association, D-52428
Jilich, Germany

* D.V. Efremov Scientific Research Institute of Electro-Physical Apparatus,
189 631 St. Petersburg, Russia

** Bochvar Institute, 123060 Moscow, Russia

Abstract

Several grades of American and Russian beryllium have been tested in high heat flux tests
by means of an electron beam facility. For safety reasons, major modifications of the facility

had to be fulfilled in advance to the tests.

The influence of energy densities has been investigated in the range between 1 and 7

MJ/m’. In addition the influence of an increasing number of shots at constant energy density
has been studied. For all samples, surface profiles have been measured before and after the

experiments. Additional information has been gained from scanning electron microscopy,

and from metallography.

1. Introduction

For the last four years, the electron beam facility JUDITH has been used for high heat flux
testing of different kinds of plasma facing materials. Among these materials were CFC'’s, fine
grain graphites, B,C coatings, tungsten, SiC etc. [1,2,3]. Beryllium samples now have been
loaded under thermal shock conditions for the first time in JUDITH. Beside the reference
material S65C by Brush Wellman, several Russian beryllium grades have been tested. In the

following, first results of these experiments are reported.
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2. Experimental Set-up

2.1  Electron Beam Test Facility JUDITH

The facility consists of a modified electron beam welding machine, a vacuum chamber of
800 x 600 x 900 mm®, and a number of diagnostic devices [4]. The focused electron beam
with a diameter of 1-mm can be sweeped in two directions at frequencies up to 100 kHz. The

technical data of the machine are as follows:

beam potential: <150 kV

beam current: <400 mA

beam power: <60 kW

pulse duration >1ms

beam deflection: + 50 mm (in x- and y-direction)

scanning frequency: <100 kHz

Short pulses up to 100 ms (as they were used in the thermal shock tests) are produced by

means of a charged capacitor. Rise times for these pulses are 100 us approximately.
The following diagnostic devices have been installed:

- two colour infra-red pyrometers, covering a temperature range between 300°C and
3500°C,

— a fast pyrometer from 1500 to 3500°C (rise time < 10 us),

— an infra-red camera system (scanner) with cooled detector for temperature monitoring

down to room temperature,
— avideo camera for visual monitoring of the tests,
— several thermocouples,
—~ quadrupol mass spectrometer for rest gas analysis.

In addition to these diagnostic devices, it is possible to measure the total electron current

through the sample.

The electron beam facility JUDITH is located in a hot cell and has been designed for the

testing of neutron irradiated materials. Testing of irradiated materials will start in spring 1996.
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2.2 Upgrades for Testing of Beryllium

In the thermal shock tests the evaporation and erosion of beryllium particles had to be taken
into consideration, and due to the toxic behaviour of beryllium special safety requirements
had to be taken. The safety concept was guided from the considerations to avoid the
spreading of beryllium particles in the lab on one hand, and to avoid contamination of the
electron gun and of the vacuum chamber on the other hand. The latter demand was seen

under the aspect of future experiments with non-toxic materials such as CFC. The electron

' beam facility JUDITH has been provided with the following modifications (cf. fig. 1):

— insertion of a second containment inside the vacuum chamber being evacuated separately

(inner vacuum chamber),

- magnetic electron beam deviation system and aperture to prevent contamination of the

electron beam cathode,
— glove box for dust free loading and unloading of samples,

— locking mechanism at the door of the vacuum chamber to allow change of samples

without flooding the main chamber with air,

— additional filters in both vacuum systems.

3. Materials

Beryllium S65C produced by Brush Wellman has been chosen as the reference material.
Further tested materials are Russian TShG-200, TGP-56, and TR-30, delivered through
Efremov Institute St. Petersburg, and a material delivered through Baikov Institute, Moscow
(cf. table 1). The TR-30 material has been developed in respect to best neutron irradiation
behaviour, i.e. low neutron induced swelling and low material properties degradation. It has
got a fine grain structure, but due to high oxygen content it has a relatively poor ductility.
TShG-200 is thought to exhibit best thermal shock resistance because of coarse grain
structure and is expected to show good neutron irradiation properties, too. The TGP-56
covers an intermediate grain size and is a compromise between TR-30 and TShG-200. On

the beryllium delivered through Baikov Institute little informations were available.
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4. Pérformance of Tests
Two different types of test coupons have been used for thermal shock tests (cf. fig. 2):

— Samples "E" (25 x 25 x 10 mm®) allow application of four spots 5 x 5 mm? on the surface
without the changing of samples. Hence experimental time is minimised. But no weight
loss measurements are possible fore these samples. However from the experience from
former CFC tests, profilometry measurements seemed the more promising method of

evaluation.

— Samples "F" (12x12x 5 mm3) in addition to profilometry allow weight loss measurements.

These specimens also act as a reference for later tests with neutron irradiated samples.
Surfaces of all samples have been polished.
The loading parameters for the thermal shock tests have been chosen as follows:

— The loaded area was 5 x 5 mm?. This was achieved by scanning of the electron beam with

frequencies of 20 kHz in x-direction and 50 kHz in y-direction, respectively.

— Standard tests were one shot tests. Some additional series with 1, 2, 5, 10 shots have

been performed to investigate surface conditioning effects.

~ Energy flux density was 1....7 MJ/m? per pulse. This energy flux density is a bit lower as it
is expected under ITER conditions. But in this first series of experiments it was intended to
evaporate not too much beryllium for safety reasons. The variation of energy flux density

is realized by variation of the beam current.

Profilometer measurements have been performed by an UBM microfocus laser scanning
profilometer before and after e-beam loading to determine maximum depth of erosion

craters, maximum height of ejected material, and mean erosion crater depth.

Weight measurements of test coupons have been accomplished before and after electron
beam loading to determine the weight loss. Ultrasonic cleaning before measurements had to
be applied to remove beryllium dust originating both from transport and from erosion due to
the test.

Microphotographs of all samples have been taken before and after electron beam loading to

determine surface changes optically. Metallographic pictures have been taken in a plane
perpendicular to the surface of samples. Image analysis on sectioned samples for a crack

structure analysis is in progress.
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Scanning electron microscopy has been performed on several samples to examine oxide

layer effects on beryllium test coupons.

5. Results

The maximum crater depth has been shown in fig. 3 as a function of energy flux density in

the range between 1 and 7 MJ/m2. For S65C in general the craters become deeper with
energy flux density. But below 3 MJ/m? a swelling of the material is observed. For higher
loadings more and more material is eroded and the crater depth increases with energy
density.

Fig. 4 shows microphotographs of the sample surfaces loaded by e-beams shots of 1, 1.44,
and 3.8 MJ/m?. The profilometer line scans for these samples are shown in fig. 5. At 1 MJ/m?
swelling is very homogeneous as can be seen from the line scan. But no influence can be
recognised by surface microscopy; even the grinding groves are still visible after loading. At
1.44 MJ/m? for the first time the 5x 5 mmz-loading spot appears on the surface, swelling is
still very homogeneous. From 2.4 MJ/m? a melting rim appears and from 2.9 MJ/m? a hole

formation is visible.

At an energy flux density of 4.8 MJ/m? a marked dynamic melting process and whirling of the

molten material can be seen. Resolidification may deliver asymmetric formations.

At an energy of 5.8 MJ/m? droplet formation has been detected for the first time. Drops spray
out of the melt and resolidify on the surface of the material. Dynamical overflooding of the
melt before resolidification takes place. Some samples partly show very deep holes, wide

borders appear in the profile.

For the beryllium samples the highest applied energy flux density has been chosen as 6,7
MdJ/m? per pulse. At this energy flux density besides an increase in dynamics no new

behaviour has been found.

Scanning Electron Microscopy

Fig. 6 shows the SEM of a S65C sample loaded at 5.8 MJ/m2. The brightness distribution of
the photographs represents the oxygen distribution of the oxide surface layer on the sample,
and, additionally a certain amount of topographic effect. This has been confirmed by EDX

measurements. Three different regions can be distinguished: bright areas with a high oxygen
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signal, consisting of pure beryllium oxide, dark areas, where signals of oxygen, carbon,
silicon and aluminium can be found in approximately equal intensities. These areas are
thought to consist of pure beryllium material in metallic form with only a thin oxide layer. The
grey areas, consist of a mixed form." The depth of penetration of the used 5 keV electrons in
beryllium is approximately 0,3 um. Therefore the oxide layer in the dark areas cannot be

much thicker than this value.
Two kinds of cracks can be recognised:

~ Cracks with a clear topography (the rims of these cracks can be clearly recognised), which

are real cracks going into the metallic beryllium.

— Cracks without a clear topography which appear only in the surface oxide layer, opening a

view on the (black) metallic beryllium.

Metallography

Fig. 7 shows metallographic pictures perpendicular to the surface for a high (5.8 MJ/m? and
a low (2,8 MJ/m?) energy density. At 5.8 MJ/m? melting takes place up to a depth of 200 pm
approximately. A columnar grain structure appears for the resolidified material. The
concentration of oxygen on the grain surface is thought to be gettered from the residual
oxygen of the vacuum chamber. At 2.8 MJ/m? the columnar structure appears less clear, and
an additional "S-shaped" structure seems to be overlaid. For this lower energy flux density no

melting but a recrystallization has taken place.

For both loading conditions cracks appear perpendicular to the surface and penetrate only as
deep as the molten/recrystallized zone. At 5.8 MJ/m? additional small cracks appear at the

edge between the molten zone and the bulk material.

Comparison of different beryllium grades:

Fig. 3 in addition to the results of S65C, shows the maximum crater depth for the Russian
beryllium grades. The material delivered through Baikov-Institute as well as TShG 200 and
TR 30 show a strong influence of energy flux density on crater depth. But TGP 56 shows
only slightly deeper craters than S65C.

'Beryllium with Z=4 cannot be detected by energy dispersive X-ray analysis (EDX). One is supposed to be concerned with
pure beryllium if only the usual background signals of C, Si and Al can be found.
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Micrographs for all four Russian beryllium grades loaded at 5.8 MJ/m? are shown in figures 8
to 11. Different to S§5C the cracks go beyond the molten zone. This holds even for TGP 56
for which little cracking has been reported in [5]. TR 30 shows severe cracking with cracks
moving parallel to the surface (cf. fig. 10). For this material the columnar grain structure can
be observed even for low energy densities. This suggests that this grain structure is favoured

by a high content of BeO.

Influence of number of pulses

A series of tests has been performed with different numbers of up to 10 pulses at a constant
energy flux density of 2.4 MJ/m? (cf. fig. 12). If one leaves apart the values at 2.4 MJ/m? for
TShG 200, most Be grades are not influenced by multiple shots. It is assumed that at
relatively low energy flux density of 2.4 MJ/m? no evaporation of materials takes place, and
thus during the following shots only a re-shaping of the surface without material loss takes

place. Hence the crater depth stays more or less constant during the following shots.

The materials TR30 with a high BeO-content of 3 % behaves different, it shows an
increasing crater depth with each shot. So it is assumed that no remelting of the surface
takes place like for the other materials, but due to the brittleness of TR30 particles are

eroded during each shot. This behaviour is similar to the one found for carbon materials [3].

Metallographic pictures of the grade S65C show that for multiple shot experiments, cracks

grow into the bulk material beyond the recrystallized or molten zone (cf. fig. 13).

6. Summary

Thermal shock tests for Brush Wellman beryllium S65C and several Russian beryllium
grades have been carried out. All materials show a swelling if loaded by a low energy flux

density of up to 3 MJ/m? approximately. No melting seems to take place up to this load, but
recrystallization is observed. Beyond 3 MJ/m? melting occurs and craters become deeper

with increasing energy density. Erosion is lowest for S65C and for TGP 56.

Erosion depth seems not to be influenced by multiple shots (except for the brittle TR 30).

This might be different at higher energy densities.
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7.

Future Activities

The reported results give only an overview on a first series of test on beryllium samples.

Future activities in the JUDITH facilities will include:

Thermal shock tests at higher energy flux densities (beyond 7 MJ/m?).
Tests with new developed materials, such as plasma sprayed beryllium grades [6]

Thermal shock tests on hot samples. Under tokamak operating conditions, beryllium tiles
most of the time are on high temperatures up to 600 °C. As elongation of most beryllium
grades is higher at elevated temperatures, the cracking and erosion behaviour might be

different.

Thermal shock tests after neutron irradiation. Neutron irradiations at 350°C and 700°C up
to fluences of 0.5 dpa are carried out in the High Flux Reactor (HFR) at Petten [7]. Testing

of irradiated samples will start by summer 1996.
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production BeO con- | hardness | UTS (RT) elong. (RT) elong.(600°C)
process tent [%] HV 20 [Mpa] [%] [%]
S65-C PM vacuum hot <1 171 454 54 26 (long.)
pressed 31 (transv.)
TShG 200 PM punched 0.8 134 146 (long.) 0 (long.) 29.5 (long.)
259 (transv.) 0.5 (transv.) 29.5 (transv.)
TGP 56 PM sintered, hot 0.9 173 236 (long.) 0 (long.) 29.5 (long.)
pressed 356 (transv.) 1.2 (transv.) 30.6 (transv.)
TR 30 PM punched 3.1 250 589 (long.) 0.2 (long.) 9.3 (long.)
691 (transv.) 1.9 (transv.) 14.9 (transv.)
cond. Be condensed from Be | 0.15 140 (transv.) 3.5 (transv.)
(Efremov) vapour
Baikov <1 173

Table 1: Description of tested beryllium grades
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Fig. 3:
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Fig. 10:  Metallography of TR 30 loaded at an energy density of 5.8 MJ/m?, (At = 5 ms,
single shots)

Bt
Fig. 11:  Metallography of Baikov beryllium loaded at an energy density of 5.8 MJ/m?, (At=

5 ms, single shots)
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ELEVATED TEMPERATURE STRESS STRAIN BEHAVIOR OF
BERYLLIUM POWDER PRODUCT

S.P. Abeln*, M.C. Mataya** R. Field*

* Los Alamos National Laboratory, MST-6, G770, Los Alamos, New Mexico 87545

** Safe Sites of Colorado, Rocky Flats Enviromental Technology Site,
Golden, Colorado 80402-0464

Several grades of beryllium powder product were tested under isothermal conditions in
compression over a temperature range of room temperature to 1000°C and a strain rate range from
0.00 1sto1s™. Samples were compressed to a total strain of 1 (64% reduction in height). It is

shown that all the grades are strain rate sensitive and that strain rate sensitivity increases with

temperature. Yield points were exhibited by some grades up to a temperature of 500°C, and
appeared to be primarily dependent on prior thermal history which determined the availability of
mobile dislocations. Serrated flow in the form of stress drops was seen in all the materials tested
and was most pronounced at 500°C. The appearance and magnitude of the stress drops were
dependent on accumulated strain, strain rate, sample orientation, and composition. The flow stress
and shape of the flow curves differed significantly from grade to grade due to variations in alloy
content, the size and distribution of BeO particles, aging precipitates, and grain size. The ductile-
brittle transition temperature (DBTT) was determined for each grade of material and shown to be
dependent on composition and thermal treatment. Structure/property relationships are discussed

using processing history, microscopy (light & transmission), and property data.
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INTRODUCTION
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Figure 1 Temperature dependence of the mechanical properties for
reported)(1). The a fine grained, high purity wrought product.

smooth curves demonstrate that this high purity material is well behaved and predictable.
Conventional beryllium powder product is considerably less pure and its properties are affected
by processing and impurity content. Some examples of reported discrepancies from idealiy
simple behavior include: yield points, serrated flow, ductility minimums, superplastic behavior,

and anisotropy associated with texture.

Metal flow is typically thermally activated and therefore temperature and strain rate
sensitive. Thus, the characterization of material deformation at high temperature must include

the stress-strain behavior as a function of temperature and strain rate. The majority of data in the
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literature pertains only to specific operational requirements, and is therefore limited.

The objective of this study is to establish a high temperature stress-strain data-base for
beryllium powder product and provide structure/property information. The data-base spans a
range of beryllium microalloyed materials made to different specifications to provide insight into
the effects of chemistry, processing history and starting microstructure on high temperature
stress-strain behavior. The data-base goes beyond normal structural performance requirements
(in both temperature and strain rate) and provides information to the metallurgist interested in the

shaping of beryllium components via various forming and consolidation operations.
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BACKGROUND (Structure/Properties)

Impurities or microalloy content play a major role in the stress-strain behavior of
beryllium. The principle impurities that affect stress-strain behavior are BeO, Al, and Fe, and are
introduced during the manufacturing process. Several variables, such as, consolidation
technique, impurity concentration/solubility, and heat treat can affect the distribution and
morphology of these elements. The origin and microstructural evolution of these impurities

during processing, and their effect on elevated temperature properties, are discussed below.

The oxide, BeO, forms on all exposed surfaces of powder during the comminution
process. Oxide levels in powder product, compared to cast and wrought product, are therefore
inherently higher due to the high total surface area of the combined powder particles. The oxide

layer is altered during the consolidation process to produce discrete particles.

Webster et al(2) found BeO at two locations in hot pressed beryllium block; 1) along the
grain boundaries, and 2) at isolated clusters within the grain. Oxide growth at these two

locations was observed to differ. The growth of BeO at high angle grain boundaries was found

to be accelerated by higher concentrations of Al, Mg, and Si, and higher consolidation

temperatures. The growth of BeO within the matrix was found to be negligible, regardless of
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purity or processing temperature. The discrepancy between oxide growth rate within the grain

boundaries and matrix demonstrates that the low melting impurities (Al Si, Mg), which

segregate preferentially to the grain boundaries, are the principle controlling factors for grain
boundary oxide distribution and morphology. The BeO particles within the matrix are unaffected

because the low melting impurities are not soluble within the matrix.

The presence of liquid phases at particle/grain boundaries, which can form at relatively
low temperatures if impurities are present, can further enhance diffusion of Be and oxygen
causing rapid coarsening of BeO. In addition to the low melting phases, the pressure-

temperature cycle during consolidation was also found to influence BeO size and distribution.

Webster et al(2) found that when pressure was applied early in the pressing cycle, the
extent of oxide coarsening was reduced. This apparently results from different diffusivities

between free surfaces in the compact and particles which are in contact or bonded.

The relationship between BeO size and distribution, and consolidation temperature
implies that the distribution of BeO can be controlled through appropriate processing. In fact,
variations in oxide morphology and distribution have been observed with different consolidation
techniques(3). The two principle consolidation techniques utilized for beryllium powder product
are hot isostatic pressing (HIP) and vacuum hot pressing (VHP). HIP employs higher pressures
while VHP pressures are limited by die material constraints. The lower pressure associated with

VHP requires higher consolidation temperatures to achieve full density. Typical consolidation
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parameters for HIP and VHP are as follows:

o HIP- 1000°C/15ksi/3 hrs

o VHP- 1050-1150°C/2ksi/36 hrs

The difference in oxide size and distribution between the same material consolidated by
these two different techniques is primarily in the grain boundary because matrix BeO is not
affected by consolidation. The HIP process typically produces a fine (0.05-0.1pum) uniform
dispersion along the grain boundaries and the VHP process a coarsened (0.1-0.50pum), relatively

heterogeneous dispersion.(3)

The effect of BeO on properties is complex. At elevated temperatures, BeO behaves
similarly to a fine dispersoid in dispersion strengthened materials in that it inhibits grain growth
and stabilizes the microstructure. At elevated temperatures, stable grain size, improves creep
properties. At lower temperatures, BeO particles act as stress concentrators which can initiate

cracks under certain conditions.

Al-Fe

It has been established that control of the levels of certain microalloy elements, combined
with proper heat treating cycles, can dramatically change the mechanical properties of beryllium,
particularly at elevated temperature(4). The principle microalloy elements have been identified
as Fe and Al, which together interact synergistically. Their interaction can best be described as

follows:(4)
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Fe >850°C
Al+ 1 +Be = AlFeBe
FeBe,, 650-850°C

4

The reaction states that at temperatures greater than 850°C, the ternary compound dissolves
leaving free Al at the grain boundaries and Fe in the matrix. The Fe is present in solid solution
or the binary precipitate FeBe,,. At temperatures between 650-850°C the ternary precipitate
forms at the grain boundaries. Formation of the ternary requires diffusion of Fe out of the matrix

and into the grain boundary, depleting Fe from the matrix.

One of the important aspects of this reaction on the high temperature properties relates to
the free Al. Excess free Al at the grain boundaries accounts for observed high temperature |
ductility minimums or hot shortness in beryllium. Aluminum melts at 660°C and there is a Be-
Al eutectic at 645°C. Therefore, material containing excess Al would be expected to fail
intergranularly under stress above approximately 650°C. In fact intergranular failure associated
with free Al has been observed as low as 350°C(3). The lower limit of free Al at which
intergranular failure will occur has been determined to be 200ppm(4). Therefore it is important
to control the relative proportions of the Al and Fe, so that sufficient Fe is present to combine
with all of the free Al. The atomic weight of Fe is approximately twice that of Al so that the
proper proportion is at least twice as much Fe by weight to account for all the Al.

The other important aspect of the above reaction is the quantity and form of Fe within the
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matrix. Matrix Fe is dependent on the total Fe content and any depletion which may have
occurred due to migrat_ion to the grain boundaries during heat treatment. The Fe in the matrix
appears either in solid solution or as a precipitate (FeBe))). The precipitate forms when the solid
solubility is exceeded during heat treat. Precipitation of F eBe,, is favored below 650°C. The
solubility of Fe in beryllium has been shown by Myers and Smugeresky(6) to depend on the
presence of Al. The solubility of Fe in high purity Be is about 1000ppm (0.1wt%) at 500°C and

about 10,000ppm (1wt%) at 850°C. In the presence of Al the solubility drops to about 600ppm

(0.06wt%) below 850°C.

Beryllium is strengthened by Fe in solid solution. Floyd(7) ;'eported a 2.3 psi increase in
room temperature yield stress per ppm of Fe for solutionized beryllium. Aged conditions which
precipitate FeBe,, also showed strength increases, but were more difficult to define
quantitatively. Floyd attributed this to two mechanisms 1)softening by removing Fe from

solution (forming AlFeBe, and FeBe,,) and 2)hardening by precipitation (FeBe,)).

Two yield phenomena have been related to the solute atoms or precipitation reactions
discussed above, yield points and serrated flow. Yield points have been seen at room
temperature and elevated temperatures. Serrated flow is a high temperature phenomenon which

s strain rate dependent.

Yield points have been attributed to precipitate pinning. Floyd(7) suggested that yield

points were due to AlFeBe, precipitates while Stonehouse(3) indicated that FeBe,, was the
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source. In either case, the precipitates are thought to pin dislocations, reducing the number of

glissile dislocations sufficiently to require new dislocations to be generated at a higher stress

level. Yield points have not been observed above 650°C(3).

Serrated yielding has been observed in a number of different studies(8-10). The most
detailed study by Weisz, et al(10) showed serrated yielding occurred between 350 and 550°C in
cast-extruded metal in the solutionized condition. They attributed the serrated yielding to Fe in
solution for the following reasons:

®Plastic deformation was required prior to the occurrence of the_ serrations, indicating a

probable substitutional element which requires the enhanced diffusion offered by a
vacancy rich deformed lattice.

®Serrated yielding was eliminated by heat treatment for 100 hrs at 650°C which

precipitated FeBe,,.

Grain Size

Grain size in powder product beryllium is controlled by the input powder particle size and

the consolidation temperature. The smaller the powder particle size and the lower the

consolidation temperature the smaller the final grain size will be. This is advantageous from the

standpoint that beryllium has been shown to follow the Hall-Petch relationship, where strength is

proportional to the inverse square root of the grain size and therefore finer grain size results in
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improved strength. A Hall-

Petch plot for high purity
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Figure 2 Hall-Petch plot for high purity beryllium

realized. For example, a block.

reduction in grain size from Sp to 3y results in an approximate increase in Y.S. of 160 Mpa. In
addition, finer, more isotropic grain size and distribution have led to improved ductility. The

improved ductility is attributed to greater slip compatibility within the matrix, reducing the stress

concentrations and crack propagation associated with anisotropic orientations. However,
reducing the powder particle size also increases the BeO content which in turn reduces ductility.
Therefore there is generally a compromise particle size/grain size for optimum strength and

ductility.

Texture

A mild texture is generally found in hot-pressed beryllium. The texture not only relates
to nonisotropic consolidation techniques (VHP) but also to the shape of the powder particles.

Due to the anisotropic nature of the beryllium single crystal, particles are fractured along basal
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planes during comminution which leads to a flat-like powder particle. These particles tend to
align themselves during die or can filling. Thus, mild textures are formed even under isotropic
consolidation conditions. Basal textures of vacuum hot pressed beryllium in the pressing
direction are typically 1.3 to 1.8 random(9). The various textures have little effect on the yield or
ultimate strengths, but significantly affect ductility. Typical elongations can vary by a factor of
two, with the longitudinal orientation (parallel to the pressing direction) showing lower
elongations and transverse (perpendicular to the pressing direction) exhibiting higher
elongations. This appears to be due to the higher population of basal planes perpendicular to the
stress axis in the longitudinal orientation, and their propensity to generate and propagate cleavage

cracks.
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EXPERIMENTAL APPROACH

Material
Table-1 shows the matrix of materials evaluated with their associated microalloy

concentrations, tensile properties, grain size, and heat treat condition (when known).

Table-1
CHEMISTRY PROPERTIES
MATERIAL si Al Fe BeO YS UTS EL% | GS(u)
WEIGHT % (ksi) (ksi)
P31664 0.025 | 0.038 | 0.09 072 |35 |54 6T3L | 11
S200F(spec) | 0.06 0.1 0.13 15 35 |47 2 <20
S200E 0.03 0.03 0.06 1.6 38 | S6T.S2L IL | 93
RM253939 0.034 | 0016 [00s8 |67 |41 |63 6T3L | 94
S65(spec) | 0.06 0.06 0.08 1 30 |42 3 <15
S65(cert) | 0.02 0.02 0.09 0.6 0 |5 T3L | 122
S65(cert) | 0.02 0.03 0.06 0.6 34 54 6T,4L 103
CIP-HIP-1 0004 | 0004 |[o018 109 |35 | so 3! 9 NO
1250 0.02 0.07 0.07 1.9 76 | 83 43 5 SR
1400 0.05 0.03 0.18 6.2 NR | 89T,50L NR 45 NO

1- SPECIFICATION REQUIREMENT

SR- STRESS RELIEF
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OA- OVERAGE
NR- NOT REPORTED

NO- NO POST CONSOLIDATION HEAT TREATMENT

Two heat treatments commonly given to beryllium product are stress relief and over

aging. The stress relief consists of heating at 1450°F (788°C) for a hold time of one hour per inch
of thickness followed by a slow cool of 50°%F/hour. The overage heat treatment is a multi step

process:

1)heat to 871°C and hold for 4 hours
2)cool to 746°C and hold for 12 hours
3)cool to 728°C and hold for 12 hours
4)cool to 717°C and hold for 12 hours
5)cool to 704°C and hold for 4 hours
6)cool to 690°C and hold for 4 hours

Tremove from furnace and air cool

note: cool down time may be included in the hold time in each step.

The extensive times at temperature for the overage heat treatment are to ensure sufficient

diffusion of Fe to the grain boundaries.

This range of material types provides a wide contrast in microstructure and properties for
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study. The following is a brief description of each material.

P31664 is a DOE production specification consolidated by VHP and the most commonly
used weldable grade of beryllium. The Al/Fe ratio is controlled and the material is overaged to

tie up the Al in the grain boundaries as the ternary AlFeBe,. The significance of the heat treat, in

addition to tying up the free Al, is that it reduces the matrix Fe to approximately 0.018%.

S200E is an older commercial grade of beryllium which utilizes attritioned powder and is
consolidated by vacuum hot pressing (VHP). This particular lot was HIP’ed after VHP, probably

to achieve full density.

RM253939 is a DOE production specification for high strength and weldable beryllium.
The powder is made by impact grinding and consolidation is by HIP. The Al/Fe ratio is
controlled and the material is overaged similarly to the P31664 grade. As a result of heat treat,
the matrix Fe is reduced to approximately 0.024%. The higher matrix Fe and smaller grain size

of this grade results in a higher yield strength when compared to P31664.

CIP-HIP-1 is a high purity grade derived from electrolytic flake. The powder is made by
impact grinding and is hot isostatically pressed. There is little need to heat treat this material due

to the high purity.

I25Q is a new grade of beryllium which achieves higher strength levels and still maintains
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ductility above 3%. The powder is made by impact grinding and is consolidated by HIP. The

grain size is much smaller than the previously discussed grades and the BeO and Fe level

increases are kept to a minimum.

1400 is an instrument grade made from ball milled powder and is designed to provide a

high micro-yield strength. Contaminate levels are higher than conventional structural grades.

This material was VHP ed.

Microstructural Characterization
Light microscopy was used to evaluate grain size and in some cases oxide distribution.

The specimens were polished and examined under polarized light. Transmission electron

microscopy (TEM) was used to characterize

dislocation content, BeO distribution, and

o o
precipitation. Microstructure and prior somms ] C= ] [ 1
processing history are used to evaluate 006
properties.

oS o o
Mechanical testing

Cylindrical compression samples N
0.005°

(figure-3), 12.7mm diameter (.5") by 19.05 '—ofw; . - U——

mm high (.75"), were machined from each
Figure 3 Schematic of  compression

billet with specimen axis parallel to either ~ Specimen
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the billet axis (referred to as the longitudinal direction) or the billet radius (transverse). The end
faces were recessed to form a lubricant well, an effective technique for constraining lubricant to

the sliding face during compression. High temperature (>300°C) specimens had cylindrical wells
and low temperature specimens round lubricant wells with blended radii to minimize stress

concentrations. A consistent finish machining schedule of 10-5-2-2 (in thousandths of an inch)

was utilized to minimize any effects of machining damage.

The hot compression tests were performed on a computerized 250 KN servo-hydraulic
testing machine (manufactured by MTS, Inc.) configured with a specialized hot zone as shown in
figure-4. The compression load train consists of Astroloy compression rams fitted with silicon
nitride compression platens lapped to 8 RMS surface finish with opposite faces parallel to within
0.0127-mm over a 69.85-mm diameter. The platens are held in place on the rams using
waspalloy clamps and bolts. The rams are partially hollow and filled with fiberfax insulation to
reduce heat loss and decrease heat-up time. The rams are seated in stainless steel water cooled

grips which protect the system load cell and actuator.

The heat source is comprised of a three zone Model #2961 (Applied Test Systems Inc.)
clamshell resistance furnace capable of temperatures up to 1200°C. The three zones are
controlled independently. The center of the furnace is aligned with the top of the bottom platen
where the test specimen is placed and heated to temperature. There is also a quartz observation
window to view the test. Thermocouples placed in the upper and lower platens as well as

touching the sample are used to monitor temperature. Temperature of the dies and specimen are
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Figure 4 Photograph of hot compression system.
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typically within 5°C during compression.

The test samples were compressed in air at four strain rates (0.001,0.01, 0.1, and 1 s,

temperatures from the ductile brittle transition to 1000°C, and to a total strain of one (e=1). Test

samples were coated with glass, which provided lubrication and protection from surface
oxidation, loaded onto the bottom die in the furnace in air, held for 10 min. at the test
temperature (specimens required approximately 5 min. to reach the furnace temperature),

compressed uniaxially, and quenched in water after deformation.

Compliance in the load train resulted in deviations in € and € up to about -5 pct with the
maximum occurring at the lowest temperature, at which the greatest loads were encountered.
The true flow stress, G, can be assumed equal to the true average pressure because the coefficient
of friction between sample and die is near zero(12). In addition the strain distribution can be
assumed uniform throughout the specimen and true strain, €, can be calculated from the change
in test specimen height(13). Note, for uniform unjaxial compression the effective or significant
stress and strain reduce to the axial normal component of stress and strain, as is the case for
tensile testing in the uniform elongation realm(13). Values for ¢ and € were calculated from the
as-measured load and corrected displacement data utilizing conventional relationsl;ips(lﬂ).
Sample dimensions, measured at ambient temperature, were corrected for thermal expansion
which occurs on heating to the test temperature. The measured displacement of the sample,
obtained with a linear-variable-differential-transformer (LVDT) mounted at the lower end of the

moving ram, was corrected for test system compliance. Calculated values of final €, obtained
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moving ram, was corrected for test system compliance. Calculated values of final €, obtained
from the LVDT displacement and corrected for compliance and for cooling to ambient

temperature, were typically within 1 to 2 pct of the measured plastic strain, calculated from the

actual initial and final height of the test sample.

Lubrication
Adequate lubrication is required to provide reliable and consistent data. A review of the

effects of friction in compression testing is provided in the ASM book Workability Testing

Techniques(15). The general characteristics of frictional effects on the compression of a short
cylinder are shown in figure-5. Frictional restraint at the end faces retards the outward motion or
diametral expansion of the sample at the faces. This causes the sample to have a greater diameter
at the mid-height position, giving it a barreled appearance. At greater strain and continued
barreling, material that is originally located on the circumferential surface may rotate enough to
eventually contact the die face. Barreling introduces a complex stress state and inhomogeneity in

strain and strain rate across the

cross section of the specimen. In

1

this case, the as-measured stress

T, s>

Figure 5 Deformation zones associated with inadequate
end lubrication in a cylindrical compression sample

i

does not give a true measure of

the material's flow stress.
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The inhomogeneity associated with friction and barreling results in three distinct zones of
deformation as shown in figure-5. Metal in contact with the compression platens remains

stationary, resulting in volumes of material, adjacent to the die face, which are relatively

undeformed. These volumes are typically referred to as dead metal zones (region I). The most
severe deformation is concentrated in zones of shear just outside the dead metal zones (region II).
Metal near the outer surface of the cylinder flows or bulges outward but sees little compressive
strain due to barreling (region III). Good lubrication is represented by spreading of the end faces
resulting in a straight walled cylinder after deformation with a uniform distribution of strain

throughout.

The stress-strain response

of a material is most accurately
described when ideal lubrication

is obtained. Because of this, a

significant effort was made to

find an appropriate lubricant for

each test condition that would ,/”HI””—!”'“'““‘u““,,‘ \\}
TO 11

result in as close to a uniform g L

state of deformation as possible.  Figure 6 Photograph of a beryllium compression sample
before (right) and after (left) testing exhibiting straight side
Figure-6 shows a beryllium walls and good lubrication. This sample was tested at

600°C and a strain rate 0f 0.1 s
compression specimen before

deformation and after deformation to a strain of 1. The straight side walls indicate good
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lubrication. In this case the original circumferential lip which holds the lubricant on the sliding

surface was observed to have spread to the outer most position of the deformed sample face. In

some cases, fairly straight side walls have been observed in conjunction with the lack of

spreading of the end face. In these instances, the circumferential surface has barreled, come into

contact with the compression platens and become part of the end face of the sample, giving the

illusion that good lubrication had been attained when in fact it had not.

During the lubrication study and
subsequent testing, a trend was noticed in
the flow curves of test samples that had
good and bad lubrication. Figure-7

illustrates the difference found at 700°C

and a strain rate of 0.1/s. Curve 1 had
excellent lubrication and the flow curve
remained relatively flat all the way to the
end of the test while Curve 2, which
exhibited poor lubrication, not only has a
higher flow stress but also turns up at the
end. It is believed that the increased flow
stress is due to the energy required to

overcome friction and the turned up flow
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=

9.50

P 3LLYLCT)
J00°¢C

8.09
8.38

8.5S09
TRUE STRAIN

E 80

Figure 7 Flow curve comparison between good
(curve-1) and poor (curve-2) lubrication. Note
the higher flow stress and slope changes
associated with the poor lubrication.

curve is a result of the barreled surface coming into contact with the platens which increases the
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surface area of deformation.

Another trend that was noticed during the testing was the effect of temperature on the

apparent lubrication of the specimens. As the test temperature increased general lubrication

became worse and more dependent on strain rate. In general, at 400 and 500°C lubrication
increased with decreasing strain rate, while at and above 600°C the opposite was true. This may
be due to the extremely low flow stress of Be at elevated temperatures compared to the force

required to overcome friction.
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EXPERIMENTAL RESULTS and DISCUSSION

The typical data generated is shown in Figure-8, which gives the stress-strain behavior as
a function of strain rate for a specific temperature and material. There are four strain rates shown

in each family of curves, 1,0.1,0.01, and 0.001 s'. Note the higher flow stress associated with

500 C : 600 C
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Figure 8 Typical data generated from compression tests showing the stress-strain behavior as a
function of strain rate at a constant temperature for RM253939.

the higher strain rates and that data is shown as true stress vs true strain. All specimens were
deformed to a strain of 1 (64% reduction in height) unless fracture occurred first. The beryllium
. Stress-strain data shows evidence of yield points, serrated flow, strain rate sensitivity, and

ductile-brittle transitions. The occurrence and magnitude of these observations will be shown to
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be dependent on chemistry, texture, and prior thermal history. A metallographic/ microstructural

evaluation was conducted on all starting material and, where applicable, powder processing

history and microstructural characterization is used to rationalize observed properties.

The results and discussion section will be presented as follows:
-Microstructural characterization
-General yield and ductility behavior

-Discrepancies from ideal flow.

The microstructural characterization is discussed first because it supports discussion of
structure/property relationships of the different grades of beryllium. The general yield and

ductility behavior then provides an overview of properties and processing requirements to

achieve strength and ductility. The discrepancies from ideal flow then point out specific material

behavior which can result from processing or service environment.

The initial structures of the materials tested were characterized with optical and
transmission microscopy. Figures 9-14 show microstructural composites of polarized light and
transmission electron photomicrographs of each material tested. Metallographically each material
is similar except for the grain size. The grain size in decreasing order is P31664, S200E,

RM?253939, CIP-HIP-1, 1250, and 1400. Transmission electron micrographs were taken to reveal

the general structure of the matrix and grain boundaries, and delineate any significant

80



microstructural differences which may correlate to property differences.

The P31664 material (figure-9) displayed a relatively low BeO content, with particles
generally confined to the grain boundaries and sub-boundaries. AlFeBe, was found in the grain
boundaries, primarily a triple points. The particles shown residing next to the grain boundaries

are oxides. The dislocation density was low.

The S200E material (figure-10) displayed a much higher BeO content, distributed in the
grain boundaries and the matrix. It also exhibited a significantly higher dislocation density. No

precipitates other than oxides were found.

The RM253939 material (figure-11) showed a low oxide content No significant
precipitation of FeBe,, was observed. A few grain boundary precipitates of AlFeBe, were found,
an example of which is shown. The particle was identified as AlFeBe, by EDS and electron
diffraction. Some faulting on {111} planes can be seen in the micrograph, consistent with the

fee structure. The dislocation density in this alloy was low, similar to that observed in P31664.

The CIP-HIP-1 material (figure-12) displayed a moderate BeO content, with particles
primarily at the grain boundaries and sub-boundaries. The oxide dispersion was very fine,
characteristic of hot isostatically pressed material. The grain size was variable, ranging from 3-
S5p to over 10p. The larger grains generally contained sub-boundaries, with relatively high
dislocation densities, both in the boundaries themselves and in the surrounding area. Most of the
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smaller gains were dislocation free.

The 1250 material (figure-13) was similar to the CIP-HIP-1, with a moderate BeO
content, mostly restricted to the grain boundaries and sub-boundaries. The BeO size and

distribution was very fine, characteristic of hot isostatically pressed material. The dislocation

density was low.

The 1400 material (figure-14) had a very high BeO content. Much of the BeO appears to
be sitting on the surfaces of the foil (left standing proud after the matrix was polished away).
The BeO is not necessarily associated with the grain boundaries, but appears distributed

throughout the microstructure. The dislocation density was low.
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Figure 9 Microstructural composite of

P31664 material showing polarized light
(left) and TEM (top) photomicrographs.
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Figure 11 Microstrucural composite of
RM253939 material showing polarized light
(left) and TEM (top) photomicrographs. The
TEM micrograph (top-right) shows the
AlFeBe, precipitate. The inserts are selected
area diffraction (SAD) patterns for the [110]
(left) and [100] (right) beam directions. The
micrograph was taken with a (-220)
operating reflection and the beam direction
close to [110]. Note the faulting on the
{111} planes in the precipitate, consistent
with its fec structure.
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Figure 13 Microstructural composite of
1250 material showing polarized light (left)
and TEM (top) photomicrographs.
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General Yield and Ductility trends

The 0.2 percent yield strength as a function of test temperature is plotted in Figure-15 for
the various alloys compressed at a strain rate of 0.001 s™. From 25°C to 900°C, the 1400 and

1250 alloys are significantly stronger than the other four alloys. In this range, the yield strengths
of 1400 and 1250 are more sensitive to temperature than the yield strengths of the other alloys.
Small differences do persist however giving a strength ranking similar to that observed for the

alloys at lower temperature.

700
—8— RM253939(L)
600 —8— S200E(L)
< strain — —&—  CIP-HIP-1{L)
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500 ging 1250(L)
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TEMPERATURE
Figure 15 Yield Strength as a function of temperature at a constant strain rate of 0.001 s™
for all materials tested.

It is interesting to note that the CIP-HIP-1 material yield strength surpasses that of the

1250 and 1400 at the highest temperatures. This is most likely attributed to the high purity of this
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alloy. At elevated temperatures free Al and Si at the grain boundaries are molten and would

obviously decrease the yield strength. Above 850°C, even the heat treated material which ties up
the Al in the ternary phase, would show dissolution and reduced strengths. Therefore the low

microalloy (ALSi) content of CIP-HIP-1 would account for the improved very high temperature

strength.

Figure-15 also shows that all of the strength versus temperature curves show a consistent,
small increase at 500°C, indicating that another strengthening mechanism may be in operation at
this temperature. This is also the temperature at which each alloy demonstrated serrated flow

curves, or stress-drops, at strains well beyond yielding.

Compression tests were conducted from 1000°C, down to the DBTT, at strain rates of 1
and 0.001 s™. The true strain or reduction in sample height at which failure occurs is plotted as a

function of test temperature in Figures 16 & 17 for strain rates 0.001 and 1 s™ respectively.

Figure-16 shows that at slow strain rates there is a temperature range of ductile-brittle
transition behavior from approximately 400°C down to 100°C depending on the material tested.
1400, the strongest material exhibits the highest DBTT. This is followed by a grouping of
S200E, CIP-HIP-1, and 1250 which show very similar transition temperature. The most ductile

materials (showing the lowest DBTT) are the DOE specifications, with the P31664 showing
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slightly lower DBTT. All materials tested at this strain rate failed from tensile hoop stresses

and cracked axially aloné the compression specimen surface.
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TEMPERATURE (C)
Figure 16 True strain (reduction in height) as a function of temperature at a strain rate of
0.001 s’ for all materials tested.

It’s interesting to note that the materials which show the lowest DBTT’s are the two
which have been overaged. This results in the precipitation of the teranary compound at the
grain boundaries. This compound has been shown to reside primarily at triple points and may
indicate that triple point grain boundaries may play an important role in fracture. Further

microstructural investigation is ongoing to better understand this trend.
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Figure-17 shows that at the fast strain rate of 1 s the DBTT range is narrowed to
approximately 200°C to 400°C. The data trend is similar to the slow strain rate with the high
strength 1400 showing the highest DBTT followed by a grouping of alloys S200E, CIP-HIP-1,

1250, and P31664, and finally the lowest DBTT is shown by alloy RM253939. The general
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TEMPERATURE (C)
Figure 17 True strain (reduction in height) as a fuction of temperature at a strain rate of 1 s°! for
all materials tested.
effect of increasing the strain rate is to shift the DBTT up approximately 100°C. The fracture
mode at the higher strain rate also changed from a tensile hoop stress fracture to an adiabatic
shear band failure at a 45° plane through the specimen. Adiabatic shear bands develop under
conditions of high strain rate when the heat generated by local deformation cannot be dissipated.

As aresult, the local flow stress decreases and further localized flow is stimulated(16). The

fractures are therefore ductile in nature and do not represent true DBTT.
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Discrepancies from Ideal Flow

Some of the alloys investigated in this study showed a yield point up to 500°C. Various
degrees of yielding were observed and material was noted as having a yield poiﬁt if there was an
inflection or discontinuity in the stress-strain curve at the point of yield, there was a leveling of
the flow stress at yield (similar to a Luders’ band), or there were the conventional upper and
lower yield points. From the DBTT to 500°C, alloys P31664, RM253939, 1250, and 1400
showed yield points at all strain rates. Alloys S200E and CIP-HIP-1, however, did not exhibit

any yield point phenomena. None of the alloys had yield points at or above 600°C.

The number of individual data points used to generate each stress-strain curve is
approximately 500 and these are spread evenly over the entire strain range. Therefore the
number of data points within the yield point region is limited and only qualitative assessments of

the yield point behavior can be made.

Yields points have been observed in many alloys, most notably lightly alloyed alpha-Fe.

The yield point, followed by an immediate drop in stress and then usually a period of extensive

strain at constant stress known as Luders' elongation has been generally attributed to either of
two mechanisms. In the first, dislocations which are pinned by an atmosphere of some impurity
or alloying constituent, e.g. C in alpha-Fe, break away from their pinning sites. The avalanche of
dislocation movement occurs suddenly and stress drops giving an upper yield point followed by
a sharp drop in the flow stress. In the alternate mechanism, existing dislocations are pinned and

do not move, but instead at a critical maximum stress, the upper yield point, an avalanche of new
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dislocations are emitted from sources.

Although yield points and Luders' elongation was not the subject of this study, some
interesting observations have been made. In beryllium micro-alloys, it has been shown that
slow-cooled and/or aged conditions typically show the yield point phenomenon. During slow
cooling and aging treatments, existing dislocations can be pinned by substitutional elements like
Fe or precipitates like FeBe,; and FeAlBe,. Upon reloading, an avalanche of dislocations, by one
of the two above mechanisms occurs and an upper and lower yield point is formed. Yield points
have been eliminated in beryllium alloys by either heating to high temperature and quenching or
by pressurization treatments at relatively low temperature (below the aging temperature range).
Either treatment induces new mobile dislocations that are free to move under stress in subsequent
room temperature deformation testing. Borch(17)found that the large difference in thermal
expansion coefficient with crystallographic orientation should cause large thermal stresses on
rapid cooling thereby generating mobile dislocations. In pressurization treatments, new
dislocations are also thought to be introduced. Once eliminated by these type of treatments, yield
points can be reintr;)duced by heating into the precipitation range and/or by slow cooling from a

high temperature allowing either precipitation or solute atom pinning of the dislocations.

Consistent with the results in the literature, the three materials in this study which
demonstrate the yield point phenomena are ones which were given either a stress-relief or an
over aging heat treatment. Both of the treatments involve time at temperature for diffusion of Fe

to dislocations or precipitate formation on dislocations. These materials are the P31664 and
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RM253939 alloys, which were overaged, and 1250, which was stress relieved. The two other
materials which were not given any post-consolidation heat treatment, S200E and CIP-HIP-1,
demonstrated a smooth flow curve in the low strain region with no evidence of the yield point

phenomena.

The behavior of 1400 appears to be an exception to the above results because it was not
heat treated but does have a yield point. It could be that cooling after consolidation was slow
enough in this particular heat that dislocation pinning was fostered or that the Fe content, which
is much higher in this alloy than the others, results in the rapid pinning of dislocations on
cooling. The production histories of all of the alloys are being further investigated in the
ongoing study for more detail on the cooling and post heating cycles in order to shed light on the

origin of the yield point phenomena.

Serrated flow was observed in all materials tested. A follow on study will attempt to
model these observations as a means of identifying the operable mechanism. Their presentation
here is aimed at raising awareness in relation to the operating environment in ITER and

proposing probable mechanisms.
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The general characteristics of the serrated flow are shown in figure-18. These type
serrations were only observed at 500°C, which is within the operating range for Be plasma facing
in ITER. The serrations are peculiar in that the curves generally do not oscillate in stress about a
mean value, thus exhibiting upper and lower yield points, but instead serrations are composed
solely of intermittent stress-drops. The character of the stress-drops varies with strain rate.

Generally, as strain rate is

lowered from 1 to .001 s*! the

€ 82
magnitude of the stress-drops 688 mmr
increase while their frequency
.
R
decreases. °
S
T
R
[
Undulations in the flow :
; : 5 2.00
stress which occur at strains N <
M
. . P
which are well past the yield A
strain have been referred to as
0.00
e.00 e.58 : 08
discontinuous yielding, serrated TRUE STRAIN z oo

yielding, or jerky flow, and have Figure 18 General characteristics of serrated flow
observed at 500°C. The material shown is RM253939 at
been attributed largely to strain rates of 1,0.1,0.01,and 0.001.

dynamic strain aging. During dynamic strain aging, moving dislocations have a velocity which
is similar to the diffusing solute. Dislocations become pinned by the solute and then become
mobile again after considerable increase in stress. Stress rises due to pinning and falls upon

unpinning. For the effect to be observed as a macroscopic effect on the flow curve, large
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numbers of dislocations must undergo pinning and release at the same time. This phenomenon is
affected by strain rate and temperature. For example, as strain rate increases, the dislocation

velocity becomes much greater than the diffusing solute atoms and pinning does not occur. At

lower temperatures, the velocity of the diffusing species is retarded, eliminating pinning. At high
temperature, the velocity of the pinning species may be fast enough so that the dislocations never
break away, but instead the solute exerts a constant drag on the dislocations, and again unpinning

may not occur.

In this study, serrated flow was observed in each alloy at a deformation temperature of
500°C. The effect was minimized by increasing strain rate which is consistent with dynamic
strain aging. The observed increase in frequency and decrease in amplitude with increasing
strain rate may also be consistent with dynamic strain aging, but remains unexplained at this
time. Also consistent with typical dynamic strain aging, the serrated flow disappears as
temperature is lowered or raised. No serrations were observed in any of the alloys at 400°C, and
only occasional small serrations were observed at 600°C. Another interesting aspect of the

serrations is that in most of the alloys tested at 500°C, only two major stress drops, serrations,

were observed at the lowest strain rate.

Serrated yielding was reported by Gelles and Peterson(9) to occur during tension testing
at 476°C and at a strain rate of 0.00064 s’ for various grades of hot-pressed block (HP-10 and

HP-21 from KBI, and S-240 from Brush, Inc.). The serrations generally occurred in the strain

range between 0.03 and 0.15, and damped out before tensile specimen failure. This strain range
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is well below that observed for serrated yielding during compression. In this study, testing at
similar temperature and strain rate, 500°C and 0.001 s, showed the strain range to vary from
about 0.15 to 0.5. This difference in the critical strain for serration nucleation between tension
and compression indicates that the mechanism for serrated yielding is inhibited by compression.
In general, the fluctuation in the magnitude of the flow stress is much greater while the frequency
of serrations is much smaller in compression compared to tension, from qualitative observation
of the published tensile curves(9). These observations also appear to be consistent with the
above suggestion that compression inhibits serrated yielding. For example, a large potential for
the first stress drop may accumulate during the relatively large pre-straining period in
compression, with the critical strain ranging from 0.15 to 0.3 in compression versus 0.03 to 0.05
in tension. The large accumulation of strain may then be expected to result in a large stress-drop
followed by another period of serration-free flow before a subsequent stress-drop occurs. In
tension, serrated flow appears to be unrestricted, starting at a low critical strain and progressing

in small bursts at high frequency.

In both tension and compression, serrations were peculiar to the temperatures near
500°C. Tension testing at 370°C and 595°C and compression testing at 400°C and 600°C did
not produce serrated yielding, although minor serrations did occur in compression at 600°C in

the S200E, 1250, and 1400 materials.

One notable exception to the general agreement between the tensile study(9) and this

study featuring compression testing was that the results on the same grade of beryllium, S200E,

98



do not agree. Serrated yielding was not observed in tension while large stress-drops, relative to
the magnitude of the stress drops observed for the other materials in this work, were observed in
compression. The reason for this discrepancy can not be explained at this time. It has been
suggested by Weisz et al(10) that a critical strain for serrated flow, assuming a dynamic strain
aging mechanism, is related to the achievement of a critical vacancy density which enhances
diffusion of the pinning species to a level that the species can move effectively to pin the mobile
dislocations. Considering this, one would expect that at higher strain rates, the critical vacancy
density would be achieved at a lower measured strain because at the higher rate there would be
less time for dynamic annealing of the vacancies as they form. In this case, a reduction in the
critical strain should occur with increased strain rate as was generally observed for the materials
tested in this study, except for I400. The average velocity of the dislocations would increase
with strain rate, but may be moderated by an increase in dislocation density. The role of
dislocation velocity and density, and their potential effects on the nature of serrated yielding is

beyond the scope of this report and is not considered further.
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CONCLUSIONS
In general, the flow curves at high strain rates showed work hardening at the lowest
temperatures and work softening at the highest temperatures. HIP'ed material generally showed

less work softening. At low strain rates, work hardening was observed at low temperatures. At

high temperatures, the flow stress typically achieved a steady state. Between 25 and 700°C and

at the strain rate of 0.001 s' the ranking of the yield stress between materials is consistent. The
materials are listed in descending order of strength: 1400, 1250, CIP-HIP-1, RM253939, S200E,
P31664. At 900 and 1000°C CIP-HIP-1 material has the greatest yield strength, followed by

1250.

Serrated flow was observed in all the materials tested and was most pronounced at 500°C,

showing large drops in the flow stress. Three common factors among all materials tested were:

-serrated flow was not observed until a critical amount of strain was accumulated;

-the magnitude and occurrence of the serrations was strain rate dependent showing
greater magnitude serrations at the slowest strain rates and almost complete elimination
at the high strain rates;

-serrated flow was only observed within a specific temperature range. Sharp, large
serrations were observed at 500°C and minor perturbations in the flow stress up to

700°C.

One material was tested in the transverse direction. Serrations were more pronounced when the

test sample axis corresponded to the longitudinal axis of the starting billet material.
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Trends in the data related to the observance of yield points were as follows:

-no yield points were observed above 600°C;

-the yield points became more pronounced at higher strain rates when tested at 500°C;
-the yield points became less pronounced at higher strain rates when tested at 400°C;

-both the S200E and CIP-HIP-1 materials did not exhibit yield points.

Strain rate sensitivity was observed in all alloys showing a greater difference in yield and

flow stress as temperature was increased. The higher strain rate showed the greater yield and

flow stress.
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RECOMMENDATIONS
1)Building block material Al/Fe ratio should be controlled and material heat treated to control

hot shortness and improve ductility.

2)Aluminum content of plasma spray material should be minimized (<200ppm) to minimize hot

shortness.

3)Consideration should be given to writing specifications for ITER applications.

4)ITER Be material should be designed for resistance to thermal fatigue and not based on yield

strength data.
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The Elevated Temperature Tensile Properties of
S-200E Commercially Pure Beryllium

G. 4. Henshall, S. G. Torres, and J. E. Hanafee

Abstract

The tensile properties of commercially
pure beryllium are sensitive to temperature,
impurity content, texture, grain size, and prior
processing. Therefore, tensile tests have been
conducted using the commercially pure S-
200E Be commonly employed at Lawrence
Livermore National Laboratory. These
experiments were performed at temperatures
ranging from 300 to 1100°C in the
longitudinal and transverse orientations at the
quasi-static strain rate of 5.5 x 10 s,

“

The results of these experiments reveal
that the stress-strain curve is smooth, ie.

without yield points or serrations, over the
entire temperature range studied. The yield
stress (YS) and ultimate tensile stress (UTS)
decrease monotonically with increasing
temperature. Similar strengths were measured
for both the longitudinal and transverse
orientations, with the latter exhibiting slightly
lower YS and UTS values. The measured
failure elongation (e, vs. temperature curve is
complex due to the competing effects of
increasing basal-plane fracture stress with
increasing temperature combined with the
presence of hot shortness at intermediate
temperatures. The latter is believed to be
caused, at least partially, by the presence of
free aluminum impurities at the grain
boundaries. This hypothesis is supported by
the measured increase in e,at 700°C following
a 100-hr anneal at 750°C, which would
remove free Al from the grain boundaries.
Texture also was found to influence ¢, The
favorable orientation of the basal planes for

106

initiation and propagation of cleavage cracks
in longitudinal specimens results in a
significantly decreased failure elongation
compared with the transverse orientation. The
effects of testing temperature and specimen
orientation on the reduction in area were
found to be similar to those described for e
Finally, comparison of the tensile results with
the compression data of Abeln et al. suggests
that the stress-strain response of S-200E Be is
not significantly affected by the direction of
straining. The only exception to this finding
is that serrated flow occurs in compression at
500°C, while the tension curves are smooth at
all temperatures. The favorable comparison

between the data of Abeln ef al and the

present study also provides confidence in the
results reported here.

I. Introduction

Commercially pure beryllium is a
commonly wused structural material at
Lawrence Livermore National Laboratory
(LLNL). Design calculations involving Be
typically include finite-element stress analyses
using the NIKE [1] structural mechanics code.
For the constitutive model most often used
within NIKE for these purposes, the yield
stress (YS), ultimate tensile stress (UTS), and
elongation to failure (e, all are needed at one
or more quasi-static strain rate. These data
are required over the entire range of tempera-
tures to which the component may be exposed
in service or in conceivable accident scenarios.
Therefore, this full body of data must be
available to the design engineer for the grade
of Be used in the design.



The YS, UTS, and e, were not available in
the literature over the temperature range of
interest for the commercially pure S-200E Be
employed at LLNL. Therefore, an experimen-
tal investigation of the elevated temperature
tensile properties of S-200E Be was under-
taken. These experiments were performed
using the stock material employed at LLNL so
that the data reflect the relevant impurity
contents and processing methods. Further,
since the mechanical properties of Be are
known to be anisotropic [2,3], the tensile
properties were evaluated for both the
transverse and longitudinal orientations of the
stock material. The results of these tests are
presented in this report in such a way that the
design engineer can make use of them in
finite-element analyses.

. Experimental Materials and Procedures

The commercially pure Be used in this
investigation was Brush Wellman grade S-

200E. This product is vacuum hot pressed
from powder produced by the attrition
method. Unlike some other grades of com-
mercially pure Be, no post-consolidation
anneal is performed for S-200E [4]. The
chemical composition specified for this
material is given in Table I. As discussed
elsewhere [3-6], the impurities most influential
on the mechanical properties are BeO, Al, and
Fe.

Table 1. Specified chemical composition
for S-200E beryllium.

Species Content (wt. %)
Be Bal.
BeO 1.6-
Fe 0.06
Al 0.03
C 0.08
Mg 0.01
Si 0.03
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The material used in this study was
received as a 10-in. (254-mm) diameter
cylindrical billet with a length of 30 in. (762
mm). Metallographic sections were taken
from the as-received billet in both the
longitudinal and transverse orientations. The
grain size and microstructure appeared to be
identical for both orientations. The average
grain size of the as-received material was
approximately 27 pm, with a minimum of
6 um and a maximum of 45 um. A network
of small (about 1 um) particles, presumably
BeO, was observed in the microstructure. A
small number of unidentified inclusions with
a diameter of about 10 gm also was observed.
Annealing the material for 1 hr. at 700°C did
not alter the microstructure visibly.

Shoulder-grip tensile specimens were
machined from the cylindrical billet by single-
point turning followed by polishing of the
gage section to remove tool marks. Standard
practices for machining Be were employed to

reduce surface damage. To verify that surface
damage was not significant,. some specimens
were annealed for one hour at 700°C in argon
and others were chemically milled by etching
in a 70°C stirred solution of 750 ml H,PO,
(85%), 71 g CrO; (99%), 200 ml deionized
H,O, and 30 ml H,SO, (95 to 98%) [7].
Specimens were etched to remove 0.002 to
0.004 in. (0.051 to 0.102 mm) of material
from the diameter of the gage section. Two
specimen geometries were needed to keep the
tensile loads within reasonable limits for the
wide range of strengths exhibited over the 300
to 1100°C temperature range. Figure I
presents a schematic representations of these
geometries. Specimens were machined from
the billet with two orientations: (1)
longitudinal, with the axis of the specimen
parallel to the long axis of the billet, and (2)
transverse, with the specimen axis
perpendicular to the long axis of the billet.
Note that the (0001) basal planes of the Be

unit cell tend to be perpendicular to the axis



of the billet in this textured product.

The equipment and procedures used to
perform the experiments were described in
detail by Torres and Henshall [8], and are
summarized briefly here. Tensile testing was
performed using a Brew Front-Loading, high
vacuum furnace that was mounted between the
columns of a screw-driven Instron Model
TT-D-L universal testing machine. The
temperature was measured using two type S
thermocouples (Pt/Pt- 10% Rh) attached to
the gage section of the specimen approxi-
mately 0.25 inches apart with 0.020 gauge
niobium wire. Figure 2 presents a photograph
showing the shoulder-grip specimen within the
TZM molybdenum grips, the two thermocou-
ples (prior to placement on the sample), the
TZM molybdenum pull rods, and the tungsten
furnace elements and shielding. Prior to heat-
up and testing, the furnace was evacuated to a
pressure of approximately 5 x 107 torr. In
cases for which an inert gas was used, the
furnace was purged twice with house argon
prior to final evacuation and filling with the
desired gas. Tests were performed at a cross-
head speed of 0.02 in./min., corresponding to
a strain rate of approximately 5.5 x 10* s™.
Testing at other rates was beyond the scope of
this investigation; the reader is referred to the
work of Abeln et al. [4] for information on

the strain-rate dependence of the flow stress
for S-200E Be measured in compression.

Load vs. time data were collected using a
Hewlett-Packard data acquisition system.
These load and displacement measurements
were used to calculate and plot the stress vs.
strain results, from which YS (0.2% offset
from the elastic line), UTS, and e, values were
determined. In addition, reduction-in-area
measurements were perforrhed by measuring
the specimen diameter at three different
positions (approximately 120° apart) on each
half of the fractured specimens using an
optical comparator. An average value was

used to compute the reduced cross-sectional
area at fracture. Finally, for tests in which a
clear fracture load was detectable from the
load-displacement curve (generally < 600°C)
the fracture stress was computed by dividing
the fracture load by the reduced area at
fracture.

III. Experimental Results and Discussion

To test the possible influence of furnace
atmosphere and tensile specimen preparation
methods on the elevated temperature tensile
properties of Be, a small number of tests were
performed in the intermediate temperature
range of 500-800°C. In this temperature
regime the failure elongations are relatively
low and, therefore, the tensile properties are
most sensitive to the potentially detrimental
effects of specimen preparation and furnace
atmosphere. Figure 3 shows that the specimen
preparation method has little influence on the
measured YS. A similarly small effect on the
UTS also was observed. Figure 4 reveals that
the variation in the measured e,is significantly
larger than that for the strength values, with
the annealed specimens consistently exhibiting
the largest elongations. However, this finding
may not be associated with the "healing”" of
surface damage but rather a decrease in the
amount of free aluminum at grain boundaries
caused by annealing [5], as discussed later in
this section.

The insensitivity of the tensile results to
the surface preparation after machining may
be due to the absence of significant machining
damage. In addition, the temperature range
examined in this study, 300 to 1100°C, lies
above the ductile-brittle transition temperature
(DBTT); measurements by Abeln et al. [4]
show that the DBTT for a similar grade of Be
is 100-200°C. Surface damage would be
expected to significantly influence the tensile
properties only below the DBTT. The main
point from Fig. 4 is that etching the specimens
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prior to testing does not improve the elevated
temperature ductility. Based on the results
shown in Figs. 3 and 4, subsequent testing
was performed using only as-machined
specimens.

The effects of furnace atmosphere on the
elevated temperature tensile properties of S--
200E beryllium are illustrated in Figs. 5 and
6. Figure 5 summarizes the YS data for as-
machined, longitudinal specimens tested in
house argon (purity not known precisely),
high purity argon (99.999%), and vacuum (5
x 107 torr). Throughout the temperature range
studied, there is only a small variation in YS
for the various furnace atmospheres.
Although these limited data may support a
small systematic decrease in YS for specimens
tested in vacuum, the deviations are within
experimental error, about 15-20%. Similar
results were obtained for the UTS. Figure 6
shows that the effects of furnace atmosphere
on ductility are not systematic. The relatively
large scatter in these data is typical for ef
measurements in Be [9]. In summary, the
furnace atmosphere was not found to have a
significant influence on the elevated
temperature tensile properties of Be. This
finding is consistent with previous studies
showing that oxygen, nitrogen, and hydrogen
impurities do not have a large effect on the
mechanical properties of Be [5,91.

Tensile tests of S-200E beryllium in the
longitudinal and transverse orientations were
then performed over the entire temperature
range (300 -1100°C) using specimens in the
as-machined condition and a high purity argon
atmosphere. These data are tabulated in the
Appendix. All of the measured stress-strain
curves were smooth, with no indications of a
yield point or serrated flow. The lack of a
yield point in S-200E is consistent with the
compression data of Abeln et al.[4] for this
grade of Be. It is also consistent with the lack
of a post-consolidation anneal which could
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result in the pinning of dislocations by solute
diffusion and/or precipitation [4]. Unlike the
finding of the present study, Abeln et al
found evidence for serrated yielding in
compression at 500°C. However, they noted
that the results of earlier tensile studies are
consistent with our observation of a lack of
serrated flow at 500°C. No explanation-
currently exists to explain this difference in
the tension and compression data [4].

Quantitative comparisons of the tensile
stress-strain curves with compression data
gathered by Abeln er al.[4] at Rocky Flats
Plant (RFP) also have been made. Figures 7
and 8 compare our 5.5 x 10 s results at 400
and 500°C with the RFP data of Abeln et al.
at the similar strain rate of 1.0 x 103 s
Figure 7 shows that there is relatively little
scatter in the LLNL data at 400°C, and that
the tensile results are similar to those in
compression. Figure 8 shows a favorable
comparison of the two data sets at 500°C. For
both temperatures, the "flattening" of the
tensile curves near the highest strains is
associated with plastic instability in tension,
and does not indicate a true difference in
material behavior compared with compression
loading. The compression tests do not suffer
from this instability, and the flow stress rises
continuously to true strains as large as 0.8.[4]
For lower strains, the tensile flow stress is
somewhat larger than the compression flow
stress at both temperatures. However, this
deviation is small considering the differences
in testing methods (aside from the loading
direction). Therefore, the data suggest that the
flow stress of polycrystalline S-200E beryl-
lium is not significantly affected by the
direction of loading.

The temperature dependence of the tensile
properties for S-200E beryllium is presented
in Figs. 9-14 for both orientations. (Note that
no experiments were performed below 300°C
in the present study; the 20°C data shown in



Figs. 9-12 represent values certified by Brush
Wellman and are shown only for reference.)
Typical of a pure metal, both the YS and UTS
decrease monotonically with increasing test
temperature. Figures 9 and 10 show that the
strength of S-200E beryllium in the transverse
orientation generally is slightly less than that
for the longitudinal orientation. The overall
shapes of the YS and UTS vs. temperature
curves are similar for the two orientations.
Although elevated temperature tensile data are
not available in the literature for S-200E
beryllium, some data are available for other
grades of vacuum hot pressed commercially
pure material. The strength values we have
obtained are consistent with these previous
investigations  [6]. In addition, the
compression YS vs. temperature data of Abeln
et al. [4] for S-200E in the longitudinal
orientation are generally consistent with those
presented in Fig. 9. While the compression
values fall approximately 10% below those
given in Fig. 9 for intermediate temperatures,

the shape of the YS vs. temperature curve is
the same for both investigations.

Compared with the strength data, a much
more striking difference in properties between
the longitudinal and transverse orientations is
exhibited by the tensile failure elongations,
Figs. 11 and 12. Again, the shapes of the
ductility vs. temperature curves are similar,
but the elongations are consistently larger for
the transverse orientation. This result is not
surprising since the basal planes are more
favorably oriented for the initiation and
propagation of cleavage cracks in the
longitudinal orientation. [2,3] The complex
shape of the e, vs. temperature curves is
believed to be associated with the natural
increase in the fracture stress of the {0001}
basal planes with increasing temperature [3]
combined with hot shortness at intermediate
temperatures caused by the presence of Al
impurities, discussed below.

The S-200E beryllium used in this study
contains about 300 ppm Al and 600 ppm Fe

(Table I). Al is known to cause hot shortness
of beryllium at intermediate temperatures if it
is present at the grain boundaries in elemental,
i.e. "free," form.[5] The usual remedy for this
problem is to anneal the material at
temperatures of 650-800°C for roughly 60-200
hours, allowing for diffusion and the
formation of AlFeBe, precipitates upon
reaction with Fe. (This may help to, explain
the higher ductilities in the annealed material
in Fig. 4). To test this hypothesis, a
longitudinal S-200E beryllium specimen was
annealed in Ti foil for 100 h at 750°C. This
specimen was tensile tested at 700°C and the
nominal strain rate of 5.5 x 10* 5. As shown
in Figs. 9 and 10, annealing reduced the
strength of the longitudinally oriented material
somewhat; the YS and UTS values are similar
to those of the unannealed transverse material.
Similarly, Fig. 11 shows that the annealing
treatment has increased the tensile elongation

to a value more consistent with the unannealed
transverse material. Therefore, it appears that
the limited ductility of S-200E Be at
intermediate temperatures may be caused, at
least partially, by the presence of free Al at
the grain boundaries.

The temperature dependence of the
reduction in area (R. A.) is shown in Fig. 13
for S-200E Be in the longitudinal and trans-
verse orientations. The trends exhibited in
Fig. 13 are the same as those shown in Fig.
12 for e, The reduction in area increases from
300°C to a local maximum at 400°C, then
decreases to a local minimum at 700-800°C.
Above 800°C, the reduction in area rapidly
increases with increasing temperature to the
highest temperature tested, 1100°C. Also
consistent with the e, data, the reduction in
area for the transverse orientation is generally
larger than for the longitudinal orientation.

At high temperatures, typically 700°C and




above, the precise fracture load was not
detectable from the digitized load vs. dis-
placement data due to the gradual drop in load
nearly to zero prior to specimen failure.
However, for 300 < T <600°C specimens
typically fractured abruptly, allowing for
unambiguous measurement of the fracture
load. The fracture stress (FS), calculated from
this load and the cross-sectional area at
fracture, is shown in Fig. 14 as a function of
temperature. For clarity, only the transverse
data are compared with the corresponding
UTS values; similar results were obtained for
the longitudinal orientation, as tabulated in the
Appendix. The data in Fig. 14 reveal that the
fracture stress is significantly larger than the
UTS for temperatures below 600°C. Above
600°C, the fracture stress may be expected to
nearly equal the UTS based on the trend

shown in Fig. 14. However, additional data
would be required to confirm this hypothesis.

IV. Conclusions

Based on the results of elevated
temperature (300 to 1100°C) tensile tests
using commercially pure S-200E beryllium,
the following conclusions have been reached.

l.  The furnace atmosphere (vacuum, low
purity or high purity argon) and the specimen
preparation procedures do not significantly
affect the elevated temperature tensile
properties of S-200E Be.

2. The stress-strain curves for S-200E tested
in tension in the temperature range 300 to
1100°C are smooth, with no yield points or
serrated flow.

3. The yield stress (YS) and ultimate tensile
stress (UTS) decrease monotonically with
increasing temperature. Similar strengths were
measured for both the longitudinal and
transverse orientations, with the latter
exhibiting slightly lower YS and UTS values.
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4. The failure elongation (e) vs. temperature
curve is complex due to the competing effects
of an increase in {0001} basal-plane fracture
stress with increasing temperature combined
with hot shortness at intermediate tempera-
tures. The latter is believed to be caused, at
least partially, by the presence of free
aluminum impurities at the grain boundaries.
This hypothesis is supported by the measured
increase in e, at 700°C following a 100-hr
anneal at 750°C, which would remove free Al
from the grain boundaries.

5. The favorable orientation of the basal
planes for initiation and propagation of
cleavage cracks in longitudinal specimens
results in a significantly decreased failure
elongation compared with the transverse
orientation.

6. The reduction-in-area data exhibit the same
trends as a function of testing temperature and
specimen orientation as measured for e,

7. The fracture stress is significantly larger
than the UTS for temperatures below about
600°C. Above this temperature, the data
suggest that the fracture stress may nearly
equal the UTS, though this conclusion has not
been confirmed. '

8. Comparison of the tensile results with the
compression data of Abeln ef al. suggests that
the flow stress of S-200E Be is not
significantly affected by the direction of
straining.
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Appendix: Tabulated Data

Table A. 1. Tensile data for longitudinal, as-machined S-200E Be.

Temp. °C) YS (MPa) UIS (MPa) _ef%) R.A. (%) FS (MPa)

300 219.8 304.8 5.300 9.2 328.7
300 202.4 294.8 9.950 16.9 333.0
400 193.8 258.8 15.80 322 323.1
400 203.8 261.8 13.15 smem e
500 185.9 2304 12.53 22.9 255.9
600 159.6 181.4 6.380 8.5 177.3
600 142.4 159.6 4.150 e
600 161.1 185.9 6.580 e
700 1224 1274 3.270 4.0 107.7
700 96.30 102.7 4.080 24 104.9
700 112.9 117.9 2.990 3.7 -
800 52.21 53.00 3.620 39 e
800 34.30 34.80 4.020 1.2 -
800 48.20 48.20 2.100 40 -
900 15.39 15.70 8.480 T
1000 6.670 6.990 15.98 353 -
1000 2.860 3.070 55.43 37.8 -
1100 2.600 2.640 64.80 453 -

Table A.2. Tensile data for transverse, as-machined S-200E Be.

Temp. (°C) YS (MPa) UTS (MPa) _e{%) R.A.(%) FS (MPa)

300 197.3 2973 25.40 394 413.8
400 183.9 248.8 30.40 45.7 3334
500 162.6 196.4 15.16 29.6 237.1
500 158.1 189.6 14.73 22.6 222.0
600 155.1 185.1 9.890 18.9 202.2
700 59.95 60.45 8.870 b
700 59.45 60.45 5.340 38 e
700 57.96 59.45 5.820 50 e
800 20.73 21.10 6.580 58 -
900 7.990 8.040 15.18 150 -
1000 2.560 2.900 60.33 399 e
1100 0.690 0.720 114.0 576 -
1100 - e e 63.6 -
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Specimen D R G.L L B C
LowT 0.134 0.241 0.595 1.195 0.300 0.286
| G40 | 612 | (1511) | @0.35) | (762 | (7.26)
HighT 0.250 0.375 0.600 1.570 0.485 0.470
(6.35) (9.52) (15.24) (39.88) (12.32) (11.94)

Figure 1. Schematic diagram of the cylindrical tensile specimen geometries for “low”
temperature (T < 900 °C) and “high” temperature (T > 900 °C) testing. Dimensions are given in
inches with the mm equivalents in parentheses.
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Figure 3. The effect of specimen preparation method on the yield stress of longitudinal S-200E

Be at intermediate temperatures.
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Figure 4. The effect of specimen preparation method on the failure elongation of longitudinal S-
200E Be at intermediate temperatures.
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Figure 5. The effect of furnace atmosphere on the yield stress of longitudinal S-200E Be at
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Figure 7. Comparison of the true stress vs. true strain curves in tension (present study) and
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Figure 8. Comparison of the true stress vs. true strain curves in tension (present study) and
compression (Abeln et al. [4]) at 500 °C and comparable strain rates.
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Figure 9. The 0.2%-offset yield stress of S-200E beryllium as a function of test temperature for
longitudinal and transverse orientations.
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Figure 10. The ultimate tensile stress of S-200E beryllium as a function of test temperature for
longitudinal and transverse orientations.
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Figure 13. The reduction in area for S-200E beryllium as a function of test temperature for
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Abstract:
A set of neutron irradiation tests is prepared on different plasma facing materials (PFM) candidates and

miniaturized components for ITER. Beside beryllium the irradiation program which will be performed in the
High Flux Reactor (HFR) in Petten, includes different carbon fiber composites (CFC) and tungsten alloys. The
target values for the neutron irradiation will be 0.5 dpa at temperatures of 350°C and 700°C, resp.. The post
irradiation examination (PIE) will cover a wide range of mechanical tests; in addition the degradation of thermal
conductivity will be investigated. To determine the high heat flux (HHF) performance of actively cooled
divertor modules, electron beam tests which simulate the expected heat loads during the operation of ITER, are
scheduled in the hot cell electron beam facility JUDITH. These tests on a selection of different actively cooled
beryllium-copper and CFC-copper divertor modules are performed before and after neutron irradiation; the pre-
irradiation testing is an essential part of the program to quantify the zero-fluence high heat flux performance and

to detect defects in the modules, in particular in the brazed joints.

1. Introduction

Since neutron irradiation programs on plasma
facing materials and components are rather time
consuming and expensive, a careful pre-selection is
required for all samples 1o be included in the test.
However, a final decision on the material
(beryllium, carbon, or tungsten) for the individual
plasma facing components (PFC) in ITER is still
open. Thus, at the present state of planning,
samples and components from all three materials
are included in the test program. On the other hand,
it seems to be unlikely that all components (divertor
targets, dump plates, baffle, first wall, etc.) can be
manufactured from the same class of materials;
therefore the combination of at least two materials
(e.g. Be and C) has to be considered.

To contribute to the establishment of an adequate
data base, test samples and components from the
above mentioned three materials (Be, C, W) have
been selected for thermo-mechanical tests and high
heat flux experiments. In the latter group of tests
miniaturized actively cooled divertor modules with
different materials, different  geometries
(monoblock, flat tile type, monoliths), and different
joining techniques have been supplied by
laboratories involved in the ITER PFC activities
and by industry. A final decision on the
components to be included in the irradiation
program will be made following a detailed thermal
analystis on a larger number of test coupons.

2. - Neutron irradiation program

The neutron irradiation will be performed in the

High Flux Reactor (HFR) of the Joint Research

Center's "Institute for Advanced Materials" at

Petten, The Netherlands [1]. The HFR is one of the

most powerful multi-purpose research and test

reactors in Europe. This 45 kW light water cooled

and moderated reactor provides 19 in-core

positions with maximum thermal fluxes up to

1.510%m%s?; max. fast fluxes in the core center

(E> 0.1 MeV) are 4.6-10®m%s™. The target values

of this irradiation program will be 0.5 dpa at 350°C

and 700°C, resp. The test samples will be

contained in 8 capsules with a diameter of 67 mm;

the mean capsule length is 110 mm. Beside

beryllium test specimens made from different CFC

materials and tungsten alloys will be irradiated.

Fig. 1 shows a cross section of those capsules

which will contain the Be samples and components.

The post irradiation examination (PIE) on

beryllium will cover a wide spectrum of different

test:

- tensile tests

- fatigue tests

- fracture toughness tests

- impact bending tests

- shear tests on brazed joints

- thermal conductivity measurements

- thermal shock tests (electron and laser beam
loading)

- HHF-tests on actively cooled modules
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On those test specimens which will be subjected to
non-destructive testing a careful pre-irradiation
testing is required to determine the neutron induced
degradation of the properties. This pre-irradiation
testing has to be performed on all thermal
conductivity samples. In addition HHF modules
have been subjected to an  extensive
characterization 10 quantify the heat removal
capability of each individual module and to detect
defects in the brazed joints or in the plasma facing
Be tiles. However, to avoid any pre-damaging of
the modules these tests have been performed at
moderate heat loads (i.e. below power density
levels of 5.6MWm? for quasi-stationary heat
loads).

High heat flux thermal shock tests with pulse
durations of 5 ms and below have been performed
on small non-actively cooled test coupons; test
results have been reported elsewhere [2].

3. Hot cell electron beam facility

All HHF testing was done in JUDITH (uelich
Divertor Test Facility in Hot Cells). Fig. 2 shows a
schematic drawing of the test device which is
installed inside a hot cell [3], [4]. The incident heat
fluxes on actively or passively cooled plasma
facing materials and components are simulated by
energetic electrons (E<150keV) which are
scanned in a rectangular frame (max. dimensions of
the scanned area: 100 mm x 100 mm). A variety of
different diagnostics are available to quantify the
response of the test piece to the applied heat load:
- thermo-couples in the PFM/PFC
- integral and two-color pyromelers covering a
temperature range from 300°C to 3500°C
- high speed pyrometer for transient heat loads
- infrared scanner (starting at RT)
- strain gauges
- residual gas analyzer
- instrumented high pressure coolant loop (H:0,
p <4 MPa).

The specifications and the heat load parameter
which have been applies for the pre-irradiation test
program on actively cooled Be-Cu-divertor moduls
is shown in Table 1.

Layout parameters of JUDITH:

total power: 60 kW
acceleration voltage: <150kV

power density: <15GWm?
loaded area: 4mm®... 100 cm®
scanning frequency: <100 kHz

beam rise time: 130 ps

Loading conditions for pre-irradiation tests:

acceleration voltage: 120 kV
power density: 16 ...5.6 MWm?
pulse length: 30s
loaded area: = Be tile surface
coolant flow rate: 0,63 1I's?

Table 1: Layout data for the electron beam

testbed JUDITH and applied heat
flux conditions.

Due to the limited volume in the irradiation
capsules a miniaturization of the actively cooled
test modules has been required [5]. Thus, all
neutron irradiation tests will be performed on
modules (flat tile or mono-block design) with only
1 (or at least 2) tiles of the plasma facing material
brazed to the heat sink. On flat tile modules the
coolant tubes for the connection to the coolant loop
have heen omitted. To guarantee tigh sealing of the
high pressure loop a special clamping mechanism
(cf. Fig.3) has been developed. Two sealing
adapters machined from OF copper in combination
with O-ring sealings on the cooling pipes provide
sufficient safety against water leaks. The
mechanism is motor driven and can be operated by
remote handling techniques.

sample ID number of Be grade surface area for Beftile heat sink
modules HHEF loading thickness material

FT 25" 2 S65C 15x15 mm? 5mm CuCrZr

FT 29? 8 S65C 25x15 mm? 3mm CuCrZr

FT 30? 8 S65C 25x15 mm® 8 mm CuCrZr

FT 31 2 TPG56 25x15 mm? 8 mm CuCrZr

samples supplied by: 1) JAERI
2) JET

3) Efremov Institute

Table 2:
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The miniaturized test components with Be as a
PFM were all from the flat tile design; the modules
supplied by different laboratories had different
geometries (cf. Fig. 4). A total of 20 modules were
tested. The heat sink of all samples was made from
copper; the joining of the Be tiles with thicknesses
ranging from 3 to 8 mm to the heat sink was done
by brazing (Ag containing brazes for all modules
(6], [7]). Details on the sample geometries are listed

in Table 2.

To accomodate stresses from the brazing process
and/or high heat flux testing the Be tiles of test
modules FT29 through FT31 were castellated (size
of the castellations =6 mm x =7 mm).

4. High heat flux tests

Main objective of the pre-irradiation high heat flux
tests on the actively cooled Be-Cu divertor modules
[8] was the pre-selections of those components
which should be included in the irradiation in the
HFR reactor. On the other hand a careful
quantification of the heat removal efficiency (i.e.
temperature increase as a function of incident
power density) before neutron degradation was
essential.

Any damage to the brazed joint (imperfections in
the braze layers, voids or cracks) or in the plasma
facing material would result in a localized surface
temperature rise. To make these effects visible, a
high resolution IR imaging system (12bit
resolution; 5 pixels per mm) with a long focus IR
lens has been installed. Figs.5a and 5b show
typical IR images from Be-Cu moduls during e-

beam heating. Fig. 5a shows an example of a defect
brazed joint (this test has been performed on a test
module not listed in Table 2 but otherwise similar
geomelries without castellation). Even at rather low
heat loads (320 Wm™ significant heating up to
approx. 400°C has been detected on the right hand
edge of the Be tile. The intact (left hand edge)
remains relatively cold (T =60°C). The resulting
thermal gradient along the indicated line (LI01) is
shown in the insert.

Surface temperature variation on a 3mm thick
castellated tile (sample ID-number FT 29/1)
become visible in Fig. 5b, however, as has been
demonstrated by scanning electron microscopy
(SEM) the brighter spots which appear to be some
ten degrees above the base level can not be
attributed to any defects in the braze layer or in the
tile material itself. Fig.6a shows a SEM
micrograph from such an area; Cu-deposits
(obviously originating from a brass wire which was
used for spark erosion cutting of the sample
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surface) are clearly visible. These deposits result in
an increased emissivity &€ which mimics the
observed temperature rise. The circular hot spots in
the IR image (Fig. 5b) have been identified as small
Cu droplets (possibly thin Cu-deposits which
agglomerated due to the applied heat load) which
become visible in the SEM micrograph in Fig. 6b.
Since these droplets have only poor contact to the
underlying Be-tile, the temperature rise is far
beyond that of the Be surface. Evaporated copper
from these droplets is re-deposited in a short
distance from its origin (white area in Fig. 6b).

The presence of impurity deposits as well as
beryllium oxide layers on the surface of the PFC
makes surface temperature measurements using
imaging IR sensors rather sensitive to the
prevailing emissivity & of the Be tile. Therefore a
careful determination of € has to be performed
before HHF testing in JUDITH. To determine a
mean emissivity for each surface the modules have
been heated homogeneously to a temperature of
100°C in an oven (cf. Fig. 7). The heating cycle
was controlled by a graphite sample with a pre-
determined emissivity (e = 0.80). In addition the
graphite specimen was instrumented with a
thermocouple. After having reached thermal
equilibrium the emissivity on the control unit of the
IR scanner was adjusted in such a way that the
surface temperature within a retangular frame (see
Fig. 7) was exactly 100°C. To avoid any influence
of hot spots, the median temperature has been
selected for this analysis (using the average
temperature value will result in minor variations of
€ only). The rectangular frame covered approx.
85% of the tile's surface, ie. including the
castellations which appear to show high emissivity

values (due to the black body radiation). The
castellations become clearly visible in the line scans
(see right column in Fig.7). For that reason
emissivity measurements from the castellated area
only result in smaller e-values (difference in &
approximately 0.05).

Having performed e-measurements for all Be-Cu
modules the thermal response (IR-images, median
temperature Ty average temperature Tg,) has
been determined for incident heat fluxes from 1.6
to 5.6 MW m? (increment 0.8 MW m™). To limit
the resulting surface temperature to 300°C, all
modules with beryllium tiles thicker than 5 mm (FT
30, FT 31) were loaded up to 3.2 MW m™. Fig. 8
shows IR images from 8 identical modules (sample
ID: FT 30; Be tile thickness = 8 mm) at an incident
heat load of 3.2 MW m™. Despite of hot spots and
smaller areas with slightly increased surface
emissivities due to surface impurities (c.f. Fig. 5b),
all samples show temperatures of approx. 245°C
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(£25°C). The calculated surface temperatures Tpeq
and T,y do not differ significantly.

The thermal response (Tpe Vs. incident power
density) for all tested Be-Cu modules is plotted in
Fig.9. All specimens show an almost linear
increase of Ty With increasing heat fluxes. The
smallest temperature increase has been realized for
samples FT 25 (approx. 35°C per MW m incident
heat flux) followed by samples FT 29 (approx.
42°C per MW m™). The good behavior of the test
modul FT 25 which has a Be tile thickness of 5 mm
in comparison to module FT 29 with a thickness of
only 3 mm is mainly due to the different design of
the heat sink (in sample FT 25 the coolant channel
is much closer to the braze layer). A fast
temperature rise was measured for specimens FT
30 and FT 31 with approx. 70 and 85°C per MW
m? incident power density.

5. Conclusions

To establish a data base for the candidate plasma
facing materials (Be, CFC, W) neutron irradiation
experiments with ITER relevant parameters are
most essential. Beside the degradation of thermo-
mechanical parameters the post irradiation high
heat flux performance of the divertor has to be
investigated. To increase the number of test
coupons which can be included in the forth-coming
irradiation experiment in the HFR reactor in Petten,
a miniaturization process of the actively cooled
modules has been successful. A special clamping
mechanism guarantees tight sealing of the high
pressure coolant loop. It allows a rapid exchange of
test pieces and can easily be operated by remote
handling techniques on neutron irradiated
components.

The available diagnostics are suitable to detect
failures in the brazed joint or other defects in the
Be-tiles which decrease the heat flux from the
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loaded surface to the copper heat sink. In addition,
the heat removal efficiencies of the unirradiated
actively cooled modules have been measured; these
data will be required for a comparison with HHF
test performed on the n-irradiated samples later.
The characterization of the high heat flux
performance requires a detailed analysis of the
emissivity (and local emissivity variations) in order
to avoid disturbing influences of surface
contaminants or oxide layers. All modules
investigated so far (sample ID-number FT 25 and
FT 29 through 31) didn't show any indications of
failures and are thus qualified to be used in the
forthcoming neutron irradiation program.
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Fig.1;  Cross sections from test samples and capsules (beryllium capsules only) to be irradated in the HFR.
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Infrared images from Be-Cu divertor modules during electron beam loading:
a) defect braze layer at 320 Wm? (insert shows thermal gradient)
b) hot spots and variations in emissivity due to surface contaminants.
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heat load of 3.2 MW m™2.
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THE ANALYSIS OF BERYLLIUM-COPPER DIFFUSION JOINT AFTER HHF TEST

R.N.Guiniatouline,! I.V.Mazul,! A.E.Gorodetskii,> R.H.Zalavutdinov,? S.Y.Rubkin,>
V.1.Savenko?

'Efremov Research Institute, 189631, St.Petersburg, Russia
Institute of Physical Chemistry, Moscow

The development of beryllium-copper joints which can withstand to relevant ITER divertor
conditions is one of the important tasks at present time. One of the main problem for beryllium-

copper joints is the inter-metallic layers, the strength and life time of joints significantly depends from

the width and contents of the intermetallic layers. The objective of this work is to study the diffusion
joint of TGP-56 beryllium to OFHC copper after thermal response and thermocyclic tests with
beryllium-copper mockup. The HHF test were performed at e-beam facility (EBTS, SNLA). The
following methods were used for analyses: the roentgenographic analysis; X-ray spectrum analysis;
the fracture graphic analysis. During the investigation the followed studies were done: the analysis
of diffusion boundary Be-Cu, which was obtained at the crossection of one of the tiles, the analysis
of the debonded surfaces of a few beryllium tiles and corresponding copper parts; the analysis of
upper surface of one of the tiles after HHF tests.

The results of this work have showed that:

the joint roentgenographic and elements analyses indicated the following phases 'in the

diffusion zone: Cu,Be (~170 um), CuBe (~30 um), CuBe, (~1 xm) and solid solution of

copper in beryllium. The phases Cu,Be, CuBe and solid solution of copper in beryllium were

indicated using quantitative microanalysis and phases CuBe, CuBe, Cu, Be - by

roentgenographic analysis;

the source of fracture (initial crack) is located in the central part of the tiles, the crack caused

by the influence of residual stresses during cooling of a mock-up after fabrication and

developed under the conditions of slow elastic-plastic growing during the process of thermal

fatigue testing.
This analysis gives the important data about joint's quality and also may be used for any type of joints

and its comparison for ITER applications.
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Introduction.

The specimen under investigation was the diffusion-bonded mock-up after thermal
response and thermal fatigue tests (Fig. 1). The objectives of investigation were:
o the diffusion boundary Be-Cu, which was obtained at the crossection.of the tile H (this

tile was not HHF tested);

o the debonded surfaces of six beryllium tiles A, B, C, D, E, F and corresponding copper
parts;
 the porous coating of the MAGT tube after testing.

upper surface of the tile D after HHF tests;
10 mm Be tile

Fig.1. The scheme of mock-up for post-testing analysis.

Experimental procedure.

Mock-up was wire-cut before analysis along the tube, so thin copper plate (~ 1
mm) with beryllium tiles on it was obtained. At the next step this bimetallic pléte was
wire-cut along the big sides of beryllium tiles. During the cutting tiles C, D, E, and F
debonded. For the tiles E&D it was unexpected, we can assume that it was an effect of
relaxation of residual stresses in the sample. Tile H with the copper saddle part was wire-
cut along the long middle line and then polished. So, 6 beryllium tiles , 6 copper tiles and
one polished crossection were obtained for the investigation.
The following methods and devices were used for analyses:
 the roentgenographic analysis was carried out using X-ray Diffracometer DRON-3

with copper Ka characteristic line Acv=0.154 nm;
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o  X-ray spectrum analysis was done at CAMEBAX, E=20 keV, beam diameter 1 um;
o the fracture graphic analysis was done at Raster Electron Microscope (REM)
"Stereoscan S150" with the system of elements analysis :"LINK 860".

Experimental results.

1. Roentgenographic analysis of the debonded surfaces for Be and Cu tiles.
Four roentgenograms were obtained from beryllium and copper surfaces for the tiles
B&D. ASTM tables were used for roentgenograms analysis and the following phases
were assumed: Be, BeO, CuBe,, CuBe, Cu, Cu,0, CuO, CuyO3. All diffraction lines
with reflection angles and intensities are presented at the Tables 1&2.

The difractograms of Be surface (from the side of the diffusion boundary) have
mostly lines of beryllium and weak lines of BeO and Cu,Be. The difractograms of
copper surface (from the side of the diffusion boundary) have lines CuBe,, CuBe and
Cu., The intensity of beryllidies lines are significantly stronger than for copper lines.

So, using the results of the roentgenographic analysis we can assume that the
damage of the diffusion joint was occurred along the boundary of beryllium and

intermetallic layers.
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Table 1.Results of roentgenographic analysis, Tile B.

From the side of copper
28, 3, dpg, dpy(tab), A
% degree degree A Cu BeCu Be,Cu
2 24.76 12.38 3.596
13 25.86 12.93 3.445 3.43680
67 33.20 16.6 2.698 2.73224
12 42.55 21.28 2.124 2.06216
9 42.80 21.4 2.112 2.101100
9 43.58 21.79 2.077 2.088100
100 477 23.85 1.907 1.931100
7 50.4 25.2 1.810 1.80846
9 50.72 25.36 1.799 1.799100
. 26 59.3 29.65 1.558 1.56016
8 69.62 34.81 1.350 1.3508
2 74.66 37.33 1.271 1,27920
18 79.25 39.63 1.208 1.2118 1.21180
22 88.7 4435 1.102 1.11016
2 90.65 4533 1.084 1.09117
1 95.62 47.81 1.040 1.0445
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Table 1 (continue). Results of roentgenographic analysis, Tile B.

From the side of beryllium
I, 29, 3, dya, | dpactab)d
% degree degree A Cu BeO
1 38.58 12.29 2.334 2.33691
2 43.9 21.95 2.062 2.062100
32 45.72 22.86 1.984 1.98030
20 50.92 25.46 1.793 1.79225
100 52.68 26.34 1.737 1.733100
12 70.8 354 1.331 1.330°
19 84.7 4235 1.144 1.143°9
14 97.7 48.85 1.024 1.0228
3 102.1 51.05 0.991 0.9901
.21 106.12 53.06 0.965 0.9648
17 107.6 53.8 0.955 0.9546
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Table 2. Results of roentgenographic analysis, Tile D.

From the side of copper

I, 28, 9, dpp, dp(tab) A

% degree degree A Cu BeCu Be,Cu
11 25.8 12.9 3.453 3.43680
67 33.24 16.62 2.695 2.73224

10 42.6 21.3 2.122 2.06216

9 42.86 21.43 2.110 2.101100
14 43.6 21.8 2.075 2.088100

100 47.9 23.95 1.899 1.931100

6 50.4 25.2 1.810 1.80846

11 50.8 25.4 1.797 1.799100
15 59.3 29.65 1.558 1.56916

10 69.7 34.85 1.349 1.3508

2 74.6 373 | 1272 1.27920

15 79.35 39.68 1.207 12118 | 1.211%0
18 88.7 4435 1.102 1.11016

2 90.6 453 1.084 1.09117

1 95.78 47.89 1.039 1.0445
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Table2 (continue). Results of roentgenographic analysis, Tile D.

From the side of beryllium

I, 29, 8, dhia, dp(tab), A
% degree degree A Be BeO Be,;Cu
4 25.9 12.95 3.440 3.43680
5 38.5 19.25 2.338 2.336°1
3 41.1 20.55 2.196 2.18861
2 42.88 21.44 2.109 2.10100
5 43.9 21.95 2.062 2.062100
80 45.8 229 1.981 1.98030
57 50.9 25.45 1.793 1.79225 1.799100
100 52.66 26.33 '1.738 1.733100
35 70.86 35.43 1.330 1.3309
47 84.7 4235 1.144 1.1439
39 97.7 48.85 1.024 1.022!
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. The analysis of diffusion zone for Be-Cu joint. The analysis of elements content for the
damaged beryllium and copper surfaces.
The scheme of crossection for bimetallic joint of the tile H was obtained using roentgenospectrum

analysis, it is shown at Figure 2.

600
. 1)
3 Direction of cutting )
2 £ _ Tile H
R 400 | °
c ~
2 crack €«——20 mm >
3
% vl, 200 um
'S 200 <—>
: |
2 ® o I -
2 < S
§ v 3 8 v
0 +

0 5 10 15 20
Width of the tile, mm

Fig.2. The scheme of crossection for Be-Cu joint (Tile H).
The width of diffusion zone for this joint is about 200 pm along all length of the boundary. There
are some local defects of the joint: the narrowing of the diffusion zone in section 2 and disappearance

of it in section 3 (Fig.2 ). Figure 8 shows the electron-microscopic view of the diffusion zone, the
zones with different contrast indicate the existing of a few phases.

The profiles of copper radiation intensity K, for the marked sections are presented at Figurres 3-

The intensity profile in the zone without defects (crossection 1) is shown at the Figure 3.
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Fig.3. The intensity of copper distribution in diffusion zone for crossection 1.

Copper distribution in the diffusion zone has two regions of constant content, the quantitative analysis
shows that there are Cu,Be and CuBe. The width of Cu,Be layer is 170 um and of CuBe - ~30 um.

The phase CuBe, which was indicated by roentgenographic analysis, is not identified at Figure 3

because its width is near 1 pm (width is comparable to the beam diameter).

Copper distribution in the narrowed zone (crossection 2) is presented at the Figure 4.
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Fig.4. The intensity of copper distribution in diffusion zone for crossection 2.
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The width of a boundary is about 100um and phase CuBe is absent. The diffusion

welding was not obtained in crossection 3, there are no inter metallic phases here

(Fig.5).
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Fig.5. .The intensity of copper distribution in diffusion zone for crossection 3.

The crack in the zone of contact CuBe-Cu is take place at the crossection (Fig.2).
This crack is indicated by significant reduce of copper intensity lines at the copper
distribution in crossection 4 (Fig.6). The thickness and structure of the diffusion
boundary in the crack zone are the same as for Figure 3. It means that the crack
appeared during the cool down of the sample after diffusion welding or after wire-

cutting as a result of residual stresses influence. The beforemade ultrasonic control did

not indicate these defects.
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'debonding. The quantitative analysis showed that the structure of the surface is
correspond to solid solution of Cu in Be. This fact is approved by copper distribution
at the Figure 9. Besides, some particles of CuBe, were detected. These results
approve the conclusion of the roentgenographic analysis: the debonding of the
diffusion joint during the thermocyclic testing is occurring along the boundary CuBe,-
Be.
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Fig.6. .The intensity of copper distribution in diffusion zone for crossection

Width of zone, um

4,
1 Particals of CuBe2 Solid solution Be-8%Cu
f/ 4NN /
2 o8 | i S
pe]
g .
E 0.6
[
I | A
[2]

02 A AA APAM_LAAAM N
_:_:-/vvv' VAR v VYWYV ¥ Vvvv
0 + }

0.05 0.29 0.53 0.77 1.01 1.25 1.48 1.73 1.97
X, mm

Fig7. Copper distribution at the surface of the beryllium tile B after

debonding.

Figure 7 shows copper distribution at the surface of the beryllium tile B after
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Fig.9. Distribution of Cu along Be/Cu diffusion zone (tile H).
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Fig.11. The view on debonded surface from the side of Be (tile D).
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Fig.13. The upper surface of the tile D after HHF tests.
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3. Fracturegraphic analysis of the debonded surfaces.

4,

The fracture surface for all beryllium and copper tiles are qualitatively identical and
the initial crack gpread parallel to the plate of Be-Cu contact. Simple visual or with
weak optical magnification analyses give the regions with different macro profiles
(Fig.10):

o ‘"central part" with a large plateau in the central part of the tiles;

. "Peﬁphery part" with a smooth surface near the edges of the tiles;

o ‘intermediate part" with branching macro profile between"central and periphery
parts.

The analysis of the surfaces from different angles (Fig.11) gives the thin lines of oval

shape (macro marks) which indicate the slow spreading of the fracture caused by

outside or inside extension stresses. The concentric configuration of the macro marks

shows the direction of a fracture development: from the central part to the edges of

the tile.

" The existing of the "central parts" on fracture surfaces for all beryllium and copper
tiles allows to make the conclusion that this part oftiles is a source of damage. The
absence of great number of secondary fracture sources at the damaged surfaces shows
on the fact that debonding development had elastic-plastic deformation character
snmlar to low cyclic fatigue.

The results of inside porous coat checking and upper surface of beryllium

tile B.

Figure 12 shows that all inside surface of the tube is coated by one uniform layer of

copper spheres with diameter 40-70 um. The checking of the coating before testing
was not done and it is diffical to say that the part of the porous coating washed out. As -
known , the exsisting of one spheres layer is enough for itself purposes. So, it may be
considered that the reason of surface temperature increasing during the fatigue tests is
in damaging of beryllium - copper boundary from cycle to cycle.

Figure 13 shows the upper surface of the tile D after HHF tests. It is seen that the

surface of tile became porous but no cracking was observed
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Conclusions.

1.

The joint roentgenographic and elements analyses indicated the
following phases in the diffusion zone: CupBe (~170 pum), CuBe (~30 p

m), CuBe) (~1 pum) and solid solution of copper in beryllium. The phases
CupBe, CuBe and solid solution of copper in beryllium were indicated
using quantitative microanalysis and phases CuBe, CuBej, Cu, Be - by

roentgenographic analysis.
The total width of the diffusion zone was about 200 um.

The source of fracture (initial crack) is located in the central part of the
tiles. The crack caused by the influence of residual stresses during cooling
of a mock-up after fabrication and developed under the conditions of slow

elastic-plastic growing during the process of thermal fatigus testing.
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High Conductivity Be-Cu Ailoys for Fusion reactors

Eugene A. Lilley 2 Takao Adachi ®, Yoshiki Ishibashi °

°NGK Metals Corporation., Tuckerton Road, P. O. Box 13367, Reading, PA. 19612 USA
bNGEK INSULATORS, LTD., I Maegata-cho, Handa-City, Aichi-ken 475, Japan

Presently, there are many materials under consideration for use as the heat sink in fusion
reactors, especially in the ITER(International thermonuclear experimental reactor). The
optimum material has not yet been identified.

This will result in heat from plasma to the first wall and divertor. That is, because of
cracks and melting by thermal power and shock. Today, it is considered to be some kinds
of copper alloys, however, for using, it must have high conductivity. And it is also needed
another property, for example, high strength and so on.

We have developed some new beryllium copper alloys with high conductivity, high
strength, and high endurance. Therefore, we are introducing these new alloys as suitable

materials for the heat sink in fusion reactors.

1. Introduction
NGK is one of the world leading companies in the production of beryllium and beryllium

copper alloys and works on positive lines for the development of new alloy.
Beryllium copper alloys are generally classified into two types. One is a high
conductivity type and another is a high strength type (Figure1).
The new beryllium copper alloys developed in recent years have been especially focused

on improvement of the high conductivity type alloys.
In this paper, the outline of these developments are presented and the suitability of these

alloys to the heat sink in the fusion reactor are discussed.
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2. Strengths of Beryllium Copper among Copper alloys.
The position of beryllium copper is shown in Figure2 and Figure3 as the relationship

between conductivity and strength.

Regarding the high strength type, 25 alloy which is the most popular beryllium copper,
has superior mechanical properties to the other typical copper alloys such as brass and
phospher bronze. MC-16 alloy was developed for the applications like shell molding dies,
and is known for its high wear resistance.

There are several new beryllium copper alloys in high conductivity type, which are 7
alloy, MC-9 alloy, 17510 alloy and 77 Alloy (temporary name at laboratory base).
Although the conductivity of these alloys is somewhat below the other high conductivity
copper alloy such as Cu-Zr, Cu-Cr, the balance of strength and conductivity of beryllium

copper is superior to the others.

3. Outline of development

There are two directions for the development of high conductivity type beryllium copper
alloys (Figure4).

Normally in the low beryllium content material (Be<1.0wt%) nickel is added for the
development of high conductivity, and strength by the precipitation of BeNi. It is therefore
important to research the relationship of Be to Ni ratio with properties and microstructure.
The tensile strength diagram verses Be% and Ni% is shown in Figureb.

The chemistry is optimized by making the diagram like Figure5 for various properties
such as electrical conductivity and other properties. The addition of other alloying
elements such as Fe, Zr, Si, Al, Cr, Sn etc. and the evaluation of process parameters such
as heat treatment, cold reduction and so on are introduced in order to achieve the property

balance demanded by the market.
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3-1 Development of 7 Alloy

High reliability material is required by the electronic industry with the miniaturization,
high density, high performance component driven by new technical innovations. Under
this circumstances, 7 alloy was developed to have high strength with good formability and
electrical conductivity.

The key properties of 7 alloy are shown in Figure6 and the experimental procedure for
the development is shown in Figure?7.

As mentioned above, this alloy was developed through the selection of the appropriate
Be and Ni ratio, and the addition of other alloying elements.

3-2 Development of MC 9 Alloy

MC 9 Alloy was developed as a forged material for casting dies which require high
temperature toughness (heat shock) and thermal controllability (Figure8).

The p,ositioning of MC 9 Alloy is shown in Figure9 compared with other typical
materials for the casting dies such as steel, Al bronze and so on. It is clear on this figure
that MC-9 alloy has a good combination of thermal conductivity and hardness.

3-3 Development of 77 Alloy .
The development of 77 alloy was initiated for the purpose of further optimizing both

ultimate high strength and conductivity.
This development is still in progress. As of this writing, it is confirmed on a laboratory

basis that the material with the tensile strength superior to 680 N/mm’ and the electrical
conductivity superior to 70 IACS% can be obtained by the adjustment of chemical

composition and process parameters (The outline is shown in Figure10).

149



4. Application of High Conductivity Type BeCu to the Sink in Fusion Reactors

4-1 Thermal conductivity at high temperature
The change of thermal conductivity at high temperature is shown in Figurell concerning

77 alloy, 14 alloy, Oxgen Free Copper (OFC) and Dispersion Strengthened Copper

(Cw/ALO:s).
As shown in the figure, the thermal conductivity of the age hardening type beryllium
copper 77 alloy and 14 alloy increases as the temperature is elevated. OFC and Cuw/ALOs

continually lose conductivity as the temperature is elevated. The difference between the
alloys becomes quite small above 500°C.

4-2 Mechanical property at high temperature

The change of tensile strength at high temperature is shown in Figure12.

Beryllium copper 77 alloy and 14 alloy keep high strength even at high temperature
compared with OFC and Cu/ALO:.

4-3 Diffusion bonding between beryllium and beryllium copper

Recently reactivity testing between Be and BeCu was done at NGK.

In this test, it is recognized that the reactivity between Be and BeCu 14 alloy shows the
successive diffusion line profile under conditions such as 500°C % 300hrs. It seems that the
bonding between Be and BeCu 14 alloy has greater potential compared with the other

copper alloys.
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5. Summary

e Some new beryllium copper alloys of high conductivity type have been developed by
the adjustment of chemical composion and process parameters on the base of low

beryllium content materials.
Especially 14 alloy and the recently developed 77 Alloy indicate good ¢ombinations of

strength and conductivity at high temperature.
Therefore, we think these BeCu alloys are suitable materials for the heat sink in fusion

reactors.

e It is probable that the diffusion bonding of beryllium to beryllium copper will be easier

to achieve compared to the other copper alloys.
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Figurel

DEVELOPMENT OF BERYLLIUM COPPER
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Figure2

COPPER ALLOY MAP BY RELATIONSHIP
BETWEEN CONDUCTIVITY AND STRENGTH
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Figure3 % NGK

COPPER ALLOY MAP BY RELATIONSHIP
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Figure4

TECHNICAL POINTS FOR THE DEVELOPMENT
OF HIGH CONDUCTIVITY TYPE BeCu ALLOY

® Selection of the appropriate combination of Be %
and Ni% and Addition of other elements
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TENSILE STRENGTH DIAGRAM BY
Be% AND Ni%
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Figure7

DEVELOPMENT OF 7 ALLOY (C17530)
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DEVELOPMENT OF MC-9 & MC-16

Cast and Forged New Copper Alloys
of Low Be content
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Figure9 % NGK

MATERIALS MAP OF RELATIONSHIP
BETWEEN CONDUCTIVITY AND HARDNESS

Thermal Conductivity (W / m - K)

40 80 120 160 200 240 280 320
l [ | l | l I l
Next New Alloy

BeA25,165 (HB)
— Structural ® BeA-MC16 370
Steel

BeA14,10
— Specxal Al Bronze — 240

C
Q arbon 180

Steel

)]
o

H
o

(%)
j =)

©
o

[7)]
w
o
c
xol
@
T 20
o)
<
X
(&)
o
ont

Cu-Cr-Zr Alloy

80 TYpical Brass O — 150
70 l I\/\i l | 1 120

(HRB) 0 0.1 02 04 05 06 0.7 0.8
Thermal Conductivity (callem - s - C)

Brinell Hardness




Figure10 % NGK

DEVELOPMENT OF NEW COPPER BERYLLIUM ALLOY
WITH HIGH CONDUCTIVITY AND HIGH STRENGTH

® Target Properties
Tensile Strength 2 680 N/mm®
Electrical Conductivity 2 70%

® Experimental Process
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Aging | : With several aging conditions

® Results

At laboratory base, achieved to the target under a certain
combination of composion and process parameters.
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Figurell % NGK

THEMAL CONDUCTIVITY AT HIGH TEMPERATURE
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Abstract

Plasma-spray technology is under investigation as a method for producing high
thermal conductivity beryllium coatings for use in magnetic fusion applications. Recent
investigations have focused on optimizing the plasma-spray process for depositing

beryllium coatings on damaged beryllium surfaces. Of particular interest has been
optimizing the processing parameters to maximize the through-thickness thermal
conductivity of the beryllium coatings. Experimental results will be reported on the use
of secondary Hy gas additions to improve the melting of the beryllium powder and
negative transferred-arc cleaning to improve the bonding between the beryllium coatings
and the underlying surface. Information will also be presented on thermal fatigue tests
which were done on beryllium coated ISX-B beryllium limiter tiles using 10 sec cycle
times with 60 sec cooldowns and an International Thermonuclear Experimental Reactor
(ITER) relevant divertor heat flux slightly in excess of 5 MW/m>.

1.0 Introduction

Plasma-spraying of beryllium for coating applications in magnetic fusion energy
devices will require extensive research and development in order to qualify this
technology for in situ and off-site repair. Areas of research which will need to be
investigated include; optimization/understanding of the thermal and physical properties of
the beryllium coatings under irradiated and non-irradiated conditions, maximizing the
adherence of the beryllium plasma-sprayed coatings to underlying beryllium and/or
copper surfaces, reclamation and recycling of the beryllium oversprayed powder, remote
manipulation to perform in sifu repair, real-time inspection of the process and the
deposited coatings, and technology scale-up. Much of the technology of plasma-spraying
has been developed through a trial and error approach. This methodology requires
extensive experimental plasma-spray trials and metallographic evaluations to arrive at the
optimum conditions for providing the required coatings. Due to the limited facilities
available to perform beryllium plasma-spray experiments, development of this
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technology for fusion energy applications must rely on the available technology and
expertise which has been developed for other material systems.

Current advances in plasma-spray technology such as plasma-spraying under a
reduced pressure, transferred-arc cleaning/spraying and use of hydrogen gas additions
into the arc gas, are being implemented in the R&D program to improve the overall
quality of the beryllium coatings. The benefits of plasma-spraying under a reduced
pressure (i.e., vacuum plasma-spraying) has been discussed extensively by a number of
researchers [1,2,3,4]. In general, spraying under a reduced pressure, results in increased
velocities of the molten particles exiting from the plasma torch. This can improve the
impacting and consolidation of the individual molten particles which make up the bulk of
the coating. In addition, spraying in an inert atmosphere at a reduced pressure also
provides the ability to spray reactive materials such as beryllium.

To coat a beryllium surface via plasma-spraying some type of surface preparation will
be required to clean and roughen the surface in order to maximize the coating adherence.
Grit-blasting is the conventional method used to prepare most surfaces prior to plasma-
spraying but would not apply for preparing damaged plasma facing surfaces inside of a
fusion reactor. Negative transferred-arc cleaning provides the ability to clean damaged
and contaminated surfaces as a result of the cathodic cleaning that can occur on the
surface of the material to be coated. Negative transferred-arc cleaning has been use to
clean surfaces of Mo, Ti, Ni [5] and mild steel [6]. The use of this technique has resulted,

in many cases, a factor of two increase in the bond strength between the plasma-sprayed
coatings and the underlying material [5]. The basic operation of negative transferred-arc
cleaning results from establishing a negative or cathodic condition at the substrate. This
can be achieved by applying a voltage between the plasma torch nozzle and the surface to
be coated, Fig. 1.

The mechanism of cleaning results from the formation of microscopic cathode “arc
spots on the thin dielectric oxide layer present on the metal surface [7, 8]. Electrons are
emitted from the oxide films as a result of the very high electric fields that exist at each

cathode arc spot. Meltmg of the surface oxides results from the high concentration of
electric currents (10 Alem? ) that are present at these cathode arc spots. This results in
the removal of the oxide surface layer exposing a clean metallic surface. Processing
conditions which can effect the performance of the negative transferred-arc process are;
the composition of the plasma gas, the torch to substrate distance, power levels
associated with the plasma torch and the transferred-arc power supply, and the operating
pressure in the plasma-spraying chamber. The negative transferred-arc process is
described in more detail in reference [9].

Addition of hydrogen gas into a conventional D.C. argon plasma torch has been
commonly used throughout the thermal spray industry to improve the as-deposited
density and overall quality of plasma-sprayed deposits. The selection of a plasma
generating gas for spraying a given material depends primarily on the gas energy, the gas
reactivity and the cost. The relationship between the plasma temperature and gas energy
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content is shown in Fig. 2. In this figure it is shown that the energy content of nitrogen
and hydrogen is considerably higher then for argon or helium due to the dissociation
reactions in the nitrogen and hydrogen prior to ionization. Generally about 1 to 10%
hydrogen is mixed with argon to increase the heat content and improve the heat transfer
characteristics of the primary arc gas. Hydrogen also acts as a reducing agent in the
plasma. The gas selection should provide a plasma source capable of heating the injected
particles to a molten or near molten state so that particle flow will occur upon impact.

In this paper, experimental results will be presented on plasma-spraying beryllium
with hydrogen gas additions along with the use of negative transferred-arc cleaning to
prepare beryllinm surfaces prior to depositing beryllium. Discussions will focus on
applying beryllium plasma-spray technology for coating beryllium limiter tiles which
were used in the ISX-B tokamak experiment at ORNL [11]. Results on the performance
of the beryllium coated tiles after thermal cycling the tiles under an ITER relevant heat

flux of 5 MW/m? will also be discussed.

2.0 Experimental Procedure

2.1 Hydrogen Gas Additions

Commercial grade hydrogen was introduced into the argon plasma using an MKS 147
multi-gas flow controller. Hydrogen gas additions of 1 and 4 standard liters per minute
(slm) were used for this investigation. The plasma torch operating parameters used for
depositing beryllium are given in Table I. Beryllium deposits produced with hydrogen
gas additions were compared to beryllium deposits produced with a secondary gas
addition of 10 standard liters per minute of helium. Bell-shaped beryllium deposits 50.8
mm long x 25.4 mm wide x 10.0 mm thick were deposited on stainless steel substrates
6.35 mm thick. The deposits were subsequently removed from the stainless steel
substrates by bending the stainless steel until the deposit detached. All beryllium plasma-
spray trials were performed in a reduced pressure argon atmosphere at pressures between
400-450 torr. The beryllium spray deposits were mounted and polished and then
examined using polarized light microscopy. Porosity levels were determined using image

analysis techniques. Thermal diffusivity samples 3 mm thick x 12.7 mm in diameter,

were machined from each spray deposit and tested at Virginia Polytechnic Institute,
Thermophysical Research Laboratory, Blacksburg, Virginia, using laser flash diffusivity.
The thermal conductivity was determined using the following relationship:

k=pC,D 4]

where p is the density and Cyp is the heat capacity and D is the thermal diffusivity. Prior
to the thermal conductivity measurements, the density of each sample was determined
using a water immersion technique (Archimedes principle). All beryllium plasma spray
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trials performed in this investigation were done using a selective size fraction of -38 +10
um gas atomized beryllium powder produced commercially by Brush Wellman Inc.

2.2 Negative Transferred-Arc Cleaning

The effect of negative transferred-arc cleaning of beryllium surfaces prior to plasma-

spraying was investigated by cleaning eight as-received beryllium samples (25.4 mm
wide x 12.7 mm long x 3.2 mm thick) which had been sputter coated with 10 to 100
monolayers of tungsten and carbon. This combination of materials was chosen to
simulate a contaminated surface similar to what might be expected in the International
Thermonuclear Experimental Reactor (ITER) if carbon, tungsten and beryllium are used
as plasma-facing materials. The sputter coatings were produced from both tungsten and
carbon anodes using 100 €V of Ar and D> at a 1:2 ratio, and a current of 100 mA for 30
minutes. The beryllium samples were located 76.2 mm from the sputter targets.
Rutherford Backscattering Spectrometry (RBS) using 1.6 MeV He ions was used to
characterize the surface of the beryllium before and after negative transferred-arc
cleaning. The surface analysis included detection of carbon, tungsten, oxygen, argon and
copper. All measurements were done at the centerpoint of each beryllium sample.
Processing parameters used for negative transfer-arc cleaning of the eight beryllium
samples are given in Table II. Processing variables such as the chamber pressure, the
torch to substrate distance and the substrate temperature were varied to observe the effect
on cleaning and roughening of the beryllium surfaces.

2.3 Coating of the ISX-B Bervllium Limiter Tiles

ISX-B beryllium limiter tiles previously used in the ISX-B tokamak experiment at
ORNL [11] were used to demonstrate the feasibility of coating and repairing beryllium
plasma-facing components using plasma-spraying technology. Various types of damaged
and undamaged limiter tiles, (which included castellated surfaces), were received from
Sandia National Laboratory, Albuquerque, for beryllium plasma-spray investigations,
Fig. 3. A plasma-sprayed coating of beryllium was first applied to an undamaged
beryllium tile which contained only surface contamination as a result of the ISX-B
environment. A second tile which contained a severely melted and microcracked surface,
was then coated. In both cases the beryllium coatings were applied to non-castellated
tiles. Negative transferred-arc cleaning was used to clean the surfaces prior to depositing
the beryllium coatings.

Operating parameters used for negative transferred-arc cleaning and plasma-spraying
the ISX-B beryllium limiter tiles are given in Table III. No mechanical surface
conditioning was performed on the beryllium tiles prior to plasma-spraying. Plasma-
sprayed beryllium coatings approximately 1 to 1.5 mm thick were deposited on the
surface of each tile over an area of 25.4 mm wide by 50.8 mm long. Thermal fatigue
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testing of the beryllium coated ISX-B tiles was performed at Sandia National
Laboratory’s Electron Beam Test System (EBTS) Facility. ITER divertor-relevant heat
fluxes slightly in excess of 5 MW/m® were used with 10 second pulse lengths and 60

second cool-downs.

3.0 Results and Discussion
3.1 _The Effect of H, Gas Additions

The resulting as-deposited microstructures when plasma-spraying beryllium with 1
and 4 standard liters per minute of hydrogen and 10 standard liters per minute of helium
are shown in Figs. 4a, b and c. A substantial difference in the as-deposited grain size is
seen with the introduction of the hydrogen gas additions. The beryllium spray deposits
produced with 10 slm of helium showed evidence of unmelted beryllium particles which
were surrounded by a fine grain beryllium matrix. The as-deposited densities of the
deposits produced with helium were approximately 94% of theoretical (1.74 g/cm3) with
a room temperature (RT) thermal conductivity of 115 W/mK. These results are in
contrast to the beryllium deposits produced with the 1 slm of hydrogen which had
elongated grains on the order of 25 to 50 microns long oriented in the spray direction.
The as-deposited density in this case was approximately 96% of theoretical (1.77 g/cm®)
with an increase in the room temperature thermal conductivity of approximately 160
W/mK.

The thermal conductivity as function of temperature (up to 600 °C) was determined
for the beryllium deposits produced with 1 slm of hydrogen. These results were
compared to other beryllium grades (12) over the same temperature range, Fig. 5. The
behavior in thermal conductivity for plasma-sprayed beryllium over the RT to 600 °C
temperature range was similar to that observed for the other grades of beryllium. The
differences in the thermal conductivity between the beryllium plasma-sprayed coatings
and the various grades of beryllium ranged from 85% of the reported values at room
temperature to approximately 80% at 600 °C.

For the case of the beryllium deposits produced with 4 standard liters per minute of
hydrogen, a more elongated microstructure was observed with grains on the order of 100
to 150 microns which were also oriented in the sprayed direction. The as-deposited
density, in this case, was approximately 98% of theoretical (1.81 g/cm3). Thermal
conductivity measurements of these beryllium deposits are currently being completed at
Virginia Polytechnic Institute, Blacksburg, Virginia. The thermal conductivity of these
deposits over the RT to 600 OC temperature range is expected to lie somewhere between
the current reported values for plasma-sprayed beryllium using 1 standard liter per minute
of hydrogen and the various beryllium grades.

A chemical analysis of the deposits produced with the 4 standard liters per minute of
hydrogen is given in Fig. 6. The analysis showed similar levels of BeO, Fe, Si and W to
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the starting beryllium gas atomized powder produced at Brush Wellman Inc. The
elevated levels of copper observed in the deposit is a result of the erosion of the copper
anode in the plasma torch. The erosion rate of the copper anode has been shown to
increase with the introduction of hydrogen as a secondary plasma generating gas. The
higher aluminum levels were attributed to cross-contamination of the beryllium source
powder which may have occurred when the beryllium powder feeders were calibrated
with both aluminum and beryllium-aluminum alloy powders.

3.2 Negative Transferred-Arc Cleaning

Results of the Rutherford Backscattering Analysis (reported in density free units) of
the sputtered coated beryllium samples before negative transferred-arc cleaning are given
in Table IV. The values reported for the tungsten and carbon correspond to a thickness of
1.0 to 3.5 nm for tungsten, and a thickness of 4.0 to 15.0 nm for carbon at "normal"
densities. Of the eight sputtered coated samples, Sample 4 showed the thickest deposit.
The detection of argon on the beryllium surface is a result of the argon sputtering process
which may also account for the near surface detection of copper. As would be expected
oxygen is present as a result of the native oxide that readily forms on the surface of
beryllium.

Results of the sputter coated beryllium samples after negative transferred-arc cleaning
are given in Table V. Optical viewing of the beryllium surfaces prior to RBS analysis
indicated that a cleaning of the beryllium surfaces had occurred. Two samples (5 and 8)

showed indications that surface melting from the cleaning process may have resulted.
Analysis of these samples were performed away from the apparent melted regions.
Results of the RBS analysis showed that both the carbon and argon present on the surface
of all eight beryllium samples were no longer detectable (minimum detection limit < 1013
atoms/cm?). For most of the beryllium samples, the surface tungsten was also reduced by
an order of magnitude. An increase in the amount of copper on the surface of the
beryllium was detected which extended beyond the range of the RBS analysis (>4.2 x
1018 atoms/cm?2). The elevated levels of copper are a result of the negative transferred-
arc cleaning process which utilizes the copper cooled anode of the plasma-torch as one of
the electrodes to promote cleaning of the beryllium surface. Oxygen was still present on
all the beryllium samples as a result of air exposure to the samples prior to the RBS
analysis.

3.3 Thermal Fatigue of Beryllium Coated ISX-B Beryllium Limiter Tiles

Despite the fact that the beryliium plasma spray process was not completely optimized
for this demonstration, the coating on an undamaged beryllium limiter tile survived
approximately 80 cycles at 5 MW/m” for 10 sec pulses before cracking was observed in
the coating which led to the formation of hot spots on the surface of the coating. The
beryllium coating which was applied to the badly melted ISX-B tile, however, survived
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500 cycles before cracking was observed and a total of 680 cycles before the formation of
hot spots on the coating surface terminated the tests. A cross-section of each tile is
shown in Figs. 7 a and b. The coating which lasted 80 cycles showed thermal fatigue
cracks which propagated through the thickness of the beryllium coating and then turned
90° and extended along the interface between the coating and the tile surface. The
formation of hot spots on the coating surface was a result of the delamination of the
coating from the beryllium tile leading to poor thermal conduction across the coating/tile
interface. The microstructural features of the coating showed intermixed regions of
columnar grains approximately 15 to 25 microns long adjacent to a fine equiax
microstructure. The coating thickness was approximately 1.5 mm thick with a porosity
level on the order of 7 percent.

For the case of the beryllium coating which lasted 680 cycles, thermal fatigue cracks
which propagated through the thickness of the coating extended into the previously
remelted surface region of the damaged beryllium tile and proceeded along the columnar
grain boundaries of the remelted zone. There were no indications that any delamination
occurred between the beryllium coating and the tile surface. The improved performance
of the beryllium coating on the damaged ISX-B tile was attributed to the preferential
grain boundary separation that occured along the columnar grains present in the remelted
layer on the surface of the damaged tile. The microstructural features of the beryllium
coating. showed a fine equiax grain structure with no presence of columnar growth
indicating that the substrate temperature during spraying might have been lower than
what was observed for the beryllium coating on the undamaged beryllium limiter tile.
The porosity level of the coating in this case was on the order of 12 percent with a 1 mm
thick coating,.

Surface temperature measurements done at Sandia National Laboratory during the
EBTS high heat flux testing indicated that the coating on the undamaged beryllium
surface was lower by approximately 100 °C after the initial thermal cycles. This
indicated that the beryllium coating on the undamaged limiter tile was more effective in
initially conducting the heat away from the surface during the high heat flux testing. The

presence of the intermixed columnar/equiax grain structure, the lower porosity in the
coating and a potentially better bond between the coating and the substrate may have
contributed to an overall higher thermal conductivity. In general, the beryllium coating
on the surface of the damaged beryllium ISX-B limiter tile which lasted 680 cycles, was
of lower quality then the coating on the undamaged ISX-B tile which lasted only 80
thermal cycles. Clearly, there are other factors influencing the structural performance than
simply the quality of the beryllium coating.
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4.0 Conclusions

e Secondary additions of 1 and 4 standard liters per minute of hydrogen gas into the
plasma-torch significantly influenced the as-deposited microstructure of plasma-
sprayed beryllium resulting in long columnar grains in the direction of spraying. The
presence of these columnar grains resulted in a dramatic improvement in the through
thickness thermal conductivity of the plasma-sprayed beryllium coatings from 115
W/mK to 160 W/mK.

e Negative transferred-arc cleaning of beryllium was used to remove sputtered coated
carbon and tungsten from the beryllium surface. The carbon was reduced below 1013
atoms/cm? which was the detection limit for the RBS analysis technique and the
sputter coated tungsten was reduced by an order of magnitude.

e The performance of the beryllium plasma-sprayed coatings on two ISX-B limiter tiles
after thermal cycling the tiles between 10 sec cycle times with 60 sec cooldowns at an
ITER relevant divertor heat flux slightly in excess of 5 MW/m? were as follows: 1
the beryllium coating on the previously undamaged ISX-B tile lasted 80 thermal
cycles before hot spots formed on the coating surface 2) the beryllium coating on the
severely melted ISX-B tile lasted 680 thermal cycles before the test was terminated
due to the formation of hot spots on the coating surface. Based on the results of the
two beryllium coated ISX-B tiles, an improved performance of the beryllium coating
on the damaged ISX-B tile was attributed to grain boundary separation along the
columnar grains present in the remelted layer on the surface of the damaged tile.
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Fig. 1. Basic operation of negative transferred-arc cleaning.
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Table I. Operating parameters for plasma-spraying with hydrogen and helium secondary

gas additions.

Parameters A B C
Plasma Torch SG-100 SG-100 SG-100
Primary Gas (Ar) 40 slm 40 slm 40 slm
Secondary Gas (slm) 1-H, 4-H, 10 - He
Powder Gas (Ar) I slm 1 slm 1 slm
Powder Feed Rate (gm/min) ~7.6 ~7.6 ~7.6
Current (amps) 800 800 800
Volts (V) 22 26 36
Chamber Pressure (torr) 400 - 450 400 - 450 400-450
Substrate temperature (C) 800 900 700
Anode 2083-730 2083-730 | 2083-730
Cathode 1083A-129 | 1083A-129 | 1083A-129
Gas Injector 2083-112 2083-112 | 2083-112
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Table II. Parameters for negative transferred-arc cleaning sputter coated beryllium

samples.
Torch operating Transferred-arc
- parameters: parameters:
primary gas (Ar) 40 slm amps 60
amps 100 volts 120
volts 25 pulser off
Sample 1 2 3 4 5 6 7 8
distance (ecm) | 7.62 | 10.16 | 7.62 | 7.62 | 7.62 | 7.62 | 10.16 | 10.16
chamber
pressure (torr) | 84 100 30 | 250 | 100 | 100 | 100 | 250
substrate temp | 375 250 | 500 | 450 | 350 | 410 | 450 | 450
°C
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Table III. Parameters used for negative transferred-arc cleaning and plasma-spraying

ISX-B beryllium tiles.
T/A Parameters Settings Torch Settings
Parameters
current (A) 60 arc gas (Ar) 40 slm
volts 120 secondary gas (H,) | 2.5 slm
pulser (on/off) (on) 9/130 | powder gas (Ar) 1 slm
chamber pressure 40 torr feed rate (Ibs/hr) ~1
plasma torch current (A) 550 currrent (A) 800
substrate preheat temp | 800 °C . volts 28
distance (cm) 8.89 chamber pressure | 400-450 torr
substrate temp 800 °C
anode 2083-730
cathode 1083A-120
gas injector 2083-12
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Table IV. 1.6 MeV He RBS at centerpoint of Be tile samples prior to negative
transferred-arc cleaning.

Measured Elemental Areal Density (1015 atoms/cmz)

Sample C 0 Ar Cu \%Y

1 43.49 73.56 0.89 1.28 13.45
2 114.10 | 149.20 | 3.35 1.28 15.97
3 50.41 76.00 2.38 0.63 19.12
4 152.10 | 116.30 | 1.72 7.72 | 21.59
5 37.58 79.08 1.84 0.06 | 17.78
6 96.16 75.05 1.86 0.08 12.73
7 68.55 98.63 1.39 3.45 10.54
8 116.80 | 83.73 2.02 5.74 6.73

182




Table V. 1.6 MeV He RBS at centerpoints of Be tile samples following negative
transferred-arc cleaning.

Measured Elemental Areal Density (1015 atoms/cmz)

Sample C O Ar Cu \%4
1 n.d 85.00 n.d. u.d. 1.10

n.d 65.00 n.d u.d. 0.68
n.d 55.00 n.d u.d. 3.00
n.d 93.00 n.d u.d. 0.41
n.d 61.00 n.d. u.d. 7.00
n.d. 43.00 n.d. u.d 9.60
n.d. 83.00 n.d. u.d 0.71
n.d 120.00 n.d. u.d 1.30

n.d. = not detectable

u.d. = present but undetermined quantity
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Fig. 7. Cross-sections of beryllium plasma-sprayed coated ISX-B beryllium tiles after
high heat flux testing at 5 MW/m’: a) beryllium coating on undamaged tile which lasted
80 thermal cycles, b) beryllium coating on damaged tile which lasted 680 thermal cycles.
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RECENT RESULTS
FOR

BONDING S-65C GRADE Be TO COPPER ALLQOYS

David E. Dombrowski

Brush Wellman Inc.
Cleveland, OH

Abstract

Novel processes for bonding beryllium to copper alloys without the use of a silver
bonding aid have been developed at Brush Wellman. Tensile strength results will
be presented at room temperature and elevated temperatures. A comparison will
be made between bond strengths derived from rectangular tensile specimens and
reduced section tensile specimens. Failure modes of the specimens at various

temperatures will be shown.

s
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RECENT RESULTS
FOR
BONDING S-65C GRADE Be TO COPPER ALLOYS

David E. Dombrowski

Brush Wellman Inc.
Cleveland, OH

Introduction

Bonding beryllium to copper is a critical .task for manufacture of both the divertor
and First Wall in ITER. A number of processes have been considered and tested,
including furnace brazing(1), induction brazing (2), friction welding (1), explosive
bonding (3), diffusion bonding by uniaxial pressing in vacuum (4), diffusion
bonding by hot isostatic pressing(b-7), and electroplating (4). To date, the most
successful process is a silver based vacuum induction brazing process developed
by JET (2) which yields high bond strengths from room temperature to 400°C.
However, neutron irradiated silver presents an unacceptable radiation hazard (1,4).
Until now, no other process has achieved beryllium to copper alloy bond strengths

above about 35 MPa.

The results presented here show that the Brush Wellman bonding processes A and
B have produced bond strengths significantly above 35 MPa.

Background

The driving force for investigations in bonding beryllium to copper is application of
beryllium as water cooled armor for plasma facing components in ITER. The ITER
constraints include the following:

1. Bond must not contain any elements which upon neutron irradiation
pose a radiation safety hazard equal to or greater than silver.

2. Bond strength should be above 35 MPa and preferably around 100 MPa for the
temperature range from room temperature to 400°C.

3. Bonding process must be capable of scale up to production processes.

Table | shows some of the published data on beryllium to copper bonding (2)(5).
Also shown is data for common silver free brazing processes (8). This data serves
to illustrate several features of the beryllium to copper bonding problem. Although
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there is no published specification for bond strength, the ITER community
considers the JET process bond strength levels (> 150 MPa) very good and the
MSC process bond strength levels (32.5 MPa) unacceptable. The data for
diffusion bonding of beryllium to itself (2) indicates that there is no inherent
problem with beryllium which prevents bonding. The bond strength shown equals
base metal tensile strength of many beryllium grades. The data for zinc based and
aluminum based brazing clearly show that although acceptable room temperature
bond strengths can be achieved, elevated temperature strengths drop to
unacceptable levels. This means that a simple extension of existing silver free
beryllium bonding technology is unlikely to meet ITER needs.

One metallurgical rule of thumb often cited for a successful bond is that

intermetallics will not be present in a successful bond. However, Hanafee (10) has
stated that a dispersion of fine intermetallics may not be deleterious.

Materials

The ITER beryllium reference grade, vacuum hot pressed S-65C, was used for
these experiments. Pure copper (C10100) was used as the other half of the joint.
This was done so as to minimize the complexity of bond microstructure.

-,

Bonding Processes

Two proprietary processes were used to conduct these bonds: Brush Wellman
Processes A and B.

Silver was not used as a bonding aid.

All bonding materials used present less radioactive hazard after neutron irradiation
than silver.

Bond Strength Determination

Several methods have been used to measure bond strength of beryllium to copper
alloy joints. They include tensile strength, single lap shear tensile tests, double lap
shear tensile , bend tests, and the JET shear tests. There is no consensus on
testing method. Since investigators are largely looking for experimental vectors at
this point and not absolute bond strength values, bond strength values for
different types of testing are often compared. For, example, shear tests results
are directly compared with tensile test results.

Initial tensile tests have been conducted in a number of studies using a rectangular
straight sided tensile specimen without a reduced section. This rectangular
straight sided specimen is also specified for some upcoming studies {(11). The
advantage of this sample is that it is inexpensive to machine, it maximizes the
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bond area to be analyzed and thereby averages bond defects over a greater area,
and it is not subject to the clamping forces used to make a reduced section
specimen. This last advantage is useful when it is suspected that the bonds are
weak bonds but semi-quantitative data is needed to direct future experiments.

The typical reduced section tensile specimen is preferred for the usual reasons of
controlling the point of strain loading.

This study used both types of specimens. The results with the two specimens are
contrasted.

The rectangular specimen used in the present study was 51 mm (2 in) tall by 18.3
mm (0.720 in) wide by 4.78 mm (0.188 in) thick with two 6.4 mm (0.25 in)
diameter pin loading holes placed at 9.52 mm-(0.375 in) away from each end.
The sample was gripped at each end by a 6.4 mm (0.25 in) pin through the pin
hole.

The reduced section tensile specimen was made by modifying the above
rectangular specimen. A central gauge section which was 17.1 mm (0.675 in)
long and 6.4 mm (0.25 in) wide was machined with the bond at its centerpoint.
6.4 mm (0.25 in) radius curves were machined between the gage section and the

gripping ends. This sample was also pin loaded.
Tensile tests were conducted at room temperature, 200°C, and 400°C.

Results and Discussion

Table 1l and Table lll show the bond strengths measured using the two different
tensile specimens. The results of tensile testing with a rectangular straight sided
specimen are shown in Table Il. BWI! Process A and B both produce nominal bond
strengths above 30 MPa at both room temperature and 400°C. Process A clearly
produces a stronger bond at both temperatures. The bond strengths at 400°C
must be taken as semi-quantitative. As shown in Figures 1 and 2, those
specimens failed through the copper pinhole. The bond strength is greater than
that of the dead soft pure copper across the 6.4 mm span between pinhole and
the specimens. Even if these results are only taken as semi-quantitative figures of
merit, further investigation of these processes is justified.

Bond strength measurements using reduced section tensile samples are shown in
Table Ill. These values are roughly twice as large as the values obtained with the
straight sided rectangular specimens. The bonds produced by BWI Process A now
are shown to have tensile strength above 140 MPa at room temperature and 200°
C, and a tensile strength above 90 MPa at 400°C. The 400°C bond strengths
have reasonable reproducibility. The bond strengths obtained with Process B are
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significantly lower at room temperature and 200°C, but are close to the Process A
values at 400°C. The closeness of the Process B bond strengths at 400°C to the
Process A bond strengths at 400°C may be a result of the low copper strength at
that temperature rather than of actual convergence of bond strength. C10100
copper only has a 100 MPa tensile strength at 400°C. In addition, the 400°C
tensile sample for Process A failed completely in the copper rather than in the
bond, as shown in Figure 3. Note that the copper side of the tensile is on the
bottom. The equivalent sample for Process B failed in the bond, as shown in
Figure 4. These bond strength results are again semi-quantitative, because there
was some pin hole elongation in the copper as shown in Figures 3 and 4.

Location of the fracture in the tensile specimens can be seen in Figures 3 and 4,
and is summarized in Table IV. The appearance of room temperature, 200°C , and
400°C tensile specimens of Process A material after testing is shown in Figure 3.
The equivalent Process B specimens are shown in Figure 4. Location of fracture
for the reduced section samples varies with temperature and varies 1o a lesser
extent between Processes A and B. In general, weak bonds will fail at the
interface between the beryllium and the bond layer. Process A samples showed a
progression away from the beryllium/bond interface as the temperature was
increased, with the final fracture being in the copper. This latter result indicates
that at 400°C the bond is stronger than the copper. Itis always a promising sign
when the bond is stronger than one of the base metals. Process B showed a
similar progression of fracture location that was less sensitive to temperature; the
Process B fracture at 400°C was located in a similar position as the Process A
fracture at 200°C. The straight sided, rectangular tensile samples failed at the
Be/bond interface at room temperature, and in the copper pin holes at 400°C for
both Process A and B. -

The reduced section bond strength results are significant for several reasons.
They indicate that these Brush Wellman processes can produce significantly higher
room temperature and elevated temperature strengths than has heretofore been
reported for beryllium to copper bonding without silver. The strengths at elevated
temperatures also exceed those for beryllium to beryllium bonding using aluminum
based and zinc based brazing processes. Bond resistance to degradation during
handling and machining is also important. The straight sided, rectangular samples
were machined from bonded stock material by electric discharge machining (EDM).
EDM is a relatively low stress machining method which.does not use much
clamping force on the stock material. The reduced section samples were
machined from straight sided, rectangular samples by conventional milling. This
shows that these bonds can withstand the stresses of conventional machining;
they are robust.

The comparison of straight sided, rectangular and reduced section sample
geometries produced some significant results. There is clearly a significant effect
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of specimen type on the bond strength value; the reduced section values are about
twice as high. Since the reduced section values are expected to be more
representative of the actual bond strength, is there any value in the use of straight
sided, rectangular specimens? The room temperature bond strengths derived from
the straight sided, rectangular specimens correctly indicated the significant
difference between Processes A and B. The 400°C bond strengths from the
straight sided, rectangular specimens are less useful in comparing the two
processes. This may be more closely related to the use of a copper with poor
elevated temperature strength and non-optimal pin hole design than the strain
loading characteristics of this geometry. Nevertheless, it may be prudent to
restrict the use of straight sided, rectangular specimens to room temperature
testing.

It should be noted that Brush Wellman Bending Processes A and B are in the
development stage. Future work will include optimization of the process
parameters. Now that the robust nature of the bond is known, testing will be
conducted with thinner but better designed sample geometries. Accurate
characterization of elevated temperature bond strength can only be done with

copper alloys which have higher elevated temperature strength. The copper alloy

of choice should also be thermally stable during the bonding process and there are
advantages if the copper alloy is also age hardenable. High heat flux testing of the
bonds should be delayed until the bond characteristics are optimized for use with a

higher strength copper alloy.

Conclusions

e Brush Weliman Bonding Processes A and B can produce significantly higher
room temperature and elevated temperature strengths than have heretofore
been reported for beryllium to copper bonding without silver. '

e The strengths at elevated temperatures exceed those for beryllium to beryllium
bonding using aluminum based and zinc based brazing processes.

¢ Bond resistance to degradation during handling and machining is good.

e There is a significant difference in measured bond strengths depending on
whether straight sided rectangular or reduced section sample geometries are

used. Bond strengths measured with reduced section specimens are twice as
high as when measured with straight sided, rectangular specimens. Straight
sided, rectangular specimens should only be used to indicate room temperature

trends.




Recommendations

e Future work should include optimization of the process parameters.

e Now that the robust nature of the bond is known, testing should be conducted
with thinner but better designed sample geometries.

e Accurate characterization of elevated temperature bond strength can only be
done with copper alloys which have higher elevated temperature strength, are
thermally stable during the bonding process and are age hardenable.

e High heat flux testing of the bonds should be delayed until the bond
characteristics are optimized for use with a higher strength copper alloy.
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Table | Bond Strengths (MPa) Achieved in Other Candidate Processes

Process Room 200 °C 400 °C
Temperature

JET (1993) Ag Based 220 MPa = 215 = 157
Induction

Be to Cu Alloy | Brazing at 250°C

MSC (1993) Ag Sputtered 32.5 NA NA
on Be and Cu

Be to Cu Alloy | followed by
HIP

O’Brien, Rice, | Ag sputtered 434 NA NA

and Olson on Be

(1976) followed by
Diffusion

Be to Be Bonding

Be to Be Al Based 102 64 NA
Brazing

Be to Be Zn Based 88 52 20
Brazing
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Table Il Bond Strength Determination for S-65C grade Be Bonded to Cu (C10100)
by Brush Wellman Processes A and B

Rectangular Tensile Samples

Tensile Strength of Bond
(MPa)
Process Room 200°C 400°C
’ Temp.
A 73.8 NA 49.6
B 49.6 NA 3b.2

Table Il Bond Strength Determination for S-65C grade Be Bonded to Cu (C10100)
by Brush Wellman Processes A and B

Reduced Section Tensile Samples

Tensile Strength of Bond
(MPa)
Process Room - 200°C 400°C
Temp.
A 142 141 96.5
' 95.8
B 88.2 112 90.3
94.5
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Table IV Summary of Tensile Sample Failure Location

Process A Process B
Rect. Reduced Rect. Reduced
Section Section
Room Temp. Flat Fracture | Flat Fracture Flat Fracture | Flat Fracture
at Be/Bond in Bond at Be/Bond at Be/Bond
Interface Interface Interface
200 °C NA Uneven NA Flat Fracture
Fracture in at Be/Bond
Bond ’ Interface
400 °C Failed In Cu Failed in Main | Failed In Cu Uneven
Pin Hole Body of Cu Pin Hole Fracture in
Bond and at
Be/Bond
Interface
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LASER FABRICATION OF BERYLLIUM COMPONENTS

James E. Hanafee and Terry J. Ramos
Lawrence Livermore National Laboratory
7000 East Ave., P.O. Box 808
Livermore, California 94550

Working with the beryllium industry on com-
mercial applications and using prototype parts,
we have found that the use of lasers provides a
high-speed, low-cost method of cutting beryl-
lium metal, beryllium alloys, and beryllium—
beryllium oxide composites. In addition, we
have developed laser welding processes for
commercial structural grades of beryllium that
do notneed a filler metal; i.e., autogenous welds
were made in commercial structural grades of
beryllium by using lasers.

1. INTRODUCTION

Beryllium and beryllium alloys have several

properties—low atomic number, good neutron
reflection capability, low density, high modu-
lus of elasticity, high mechanical damping ca-
pacity, and high frequency resonance—that
make them ideal for a variety of applications.
However, fabrication of this material can be
difficult, especially machining and welding op-
erations.

Even when care is used, conventional ma-
chining can damage these hard, low-ductility
beryllinm and beryllium alloys and significantly
impair their mechanical performance.! The
damage is in the form of microstructural changes
that take place during the machining operation,
and the mechanical properties can be seriously

degraded. The microstructural changes are in
the form of twinning, microcracks, residual
stresses, and crystallographic texture. ! Twinning
and a highly worked surface layer can be seen
in Figure 1. Evidence suggests that the loss in
mechanical properties are primarily due to a
strain-hardened oriented surface layer, and that
while twinning is the most apparent microstruc-
tural feature, it does not play a dominant role.!
Microcracks, of course, are harmful, but they
can usually be detected by nondestructive test
methods, and they are also indicative that the

Figure 1. Machining damage in beryllium. Note
the distorted grain morphology and twinning
extending from the surface to a depth of about
100 pm (200x).
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machining operation is out of control and cor-
rective action should be taken. The decrease in
mechanical properties is in the ultimate strength
and ductility. Typical values are shown in
Table 1.1

Welding this low-ductility metal and its al-

loys also presents problems. Conventional weld-
ing processes require use of a filler metal, i.e.,a
different alloy from the metal being welded. For
beryllium, the most successful filler metal has
been an aluminum-silicon alloy, and this pro-
cess was developed over thirty years ago. Use
of a filler alloy is not desirable for some appli-
cations, but autogenous welding—welding
without a filler alloy—has been nearly impos-
sible with beryllium.

We have found laser alternatives to the con-
ventional methods of cutting and welding.
Working with Brush Wellman, Inc. (BWI), on
commercial applications and using prototype
parts, we found that the use of lasers provides a
high-speed, low-cost method of cutting beryl-
lium metal, beryllium alloys, and beryllium—
beryllium oxide composites. In a separate
project with Nuclear Metals, Inc. (NMI), and
Space Power, Inc. (SPI), we developed laser-
welding processes for commercial structural
grades of beryllium that do not need a filler
metal; i.e., antogenous welds were made in com-
mercial structural grades of beryllium by using
lasers.

2. LASER CUTTING

For unique LLNL applications, we succeeded
in cutting thin, high-purity beryllium foil using
lasers long ago. However, there was no effort
to explore cutting other beryllium based mate-
rials at that time. With recent new needs and
applications, we saw that the use of lasers might
provide a solution to some unique problems in
fabricating beryllium base materials. We pro-
posed that lasers be used to cut commercial
structural grades of beryllium, beryllium alloys,
and a beryllium-beryllium oxide composite.
The beryllium alloy was AlBeMet 162, a 62%
Be—38% Al alloy from BWI, and the beryllium—
beryllium oxide composite was also from BWI.
Of several lasers at LLNL approved for use with
beryllium, we chose two for our initial study: a
400-W pulsed neodymium:yttrium—aluminum-
garnet (Nd:YAG) laser and a 1000-W continu-
ous-wave carbon dioxide (CO») laser.

Both the pulsed Nd:YAG and the COy laser
penetrated beryllium and AlBeMet sheet.
Parameters were developed that cut beryllium
sheet and the A1IBeMet 162 alloy sheet at thick-
nesses from 0.5 mm to about 2.5 mm. Table 2
shows typical laser parameters for cutting. The
0.5-mm beryllium sheet was cut at speeds up to
40 mm/s, and 2.0-mm-thick sheet was cut at
speeds up to 6 mm/s. The 0.5-mm AlBeMet
sheet was also cut at speeds up to 40 mm/s, and

Table 1. Tensile properties of machine-damaged beryllium.

UTS YS Elongation = Machining
Grade Condition MPA (ksi) MPA (ksi) (%) damage
S200E As-machined 263 (38) 216 (31) 0.7 100 pm deep
Annealed 343 (50) 230 (33) 3.1 None
Etched 342 (50) 239 (35) 33 None
1319 As-machined 282 (41) 277 (40) 0.7 100 pm deep
Annealed 381 (54) 235 (34) 3.8 None
Etched 372 (54) 270 (39) 4.0 None
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the maximum cutting speed for the AlBeMet
2.0-mm-thick sheet was 4 mm/s.

Both lasers easily produced acceptable sur-
face finishes of the cut edges (Figure 2). A ge-
neric prototype part cut from a large,
0.5-mm-thick beryllium sheet is shown in Fig-
ure 3. The part’s outline and six holes were cut
in 18 s. Most of this time was spent on relocat-

ing the part for cutting the holes, rather than the
cutting itself. On a microscopic scale, the cut
edges were acceptable, and the part easily met
tolerance requirements. In laser cutting, the
beam size determines the minimum radius pos-
sible, which is in the range of 25 um for our
equipment. The smallest holes in the part shown
have 1.0-mm radii.

Table 2. Typical beryllium cutting development parameters with a 400-W pulsed Nd:YAG

laser.
Thickness of sheet Cutting speed Power Power density Pulse rate
mm (in.) mm/min (in./min) (W) (W/mm?2) Hz)

0.5 (0.020) 1270 (50) 390 6400 100
0.5 (0.020) 1900 (75) 350 5500 200
0.5 (0.020) 2540 (100) 400 5500 150
2.0 (0.080) 250 (10) 410 6700 50
2.0 (0.080) 380 (15) 410 6700 50
6.4 (0.250)2 250 (10) 410 6700 50

2 Full penetration not achieved.

(2)

(b) kg

Figure 2. Edge and cross section of pulsed Nd:YAG-laser—cut beryllium sheet. (a) Edge; note
evidence of individual laser pulses (60x). (b) Cross section showing grain structure on each side of
the laser cut; note absence of machining damage (160x).
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Figure 3. Generic beryllium disk-drive component cut by laser from 0.5-mm sheet in less than

20 seconds. Scale is in centimeters.

The pulsed Nd:YAG laser did not produce
acceptable results in cutting the beryllium-be-
ryllium oxide composite, while the COy laser
was successful. As expected, the cutting speeds
were slower than for the metals, and the maxi-
mum speed achieved for the 1.6-mm-thick sheet
was 4 mm/s.

There are additional advantages to laser cut-
ting. First, the kerf is small and the parts can be
laid out in a very efficient fashion on the sheet.
Thus, more parts can be made from a sheet of a
given size, and just as important, there is less
beryllium waste for disposal. Second, there is
no machining damage. This microscopic dam-
age can harm mechanical properties and ordi-
narily would require additional steps to ensure
that it is not a problem. For the laser-cut edges,
from microscopic examination, we did not ob-

serve any machining damage. We also cut ten-
sile specimens from the same structural beryl-
lium sheet and, without any further treatmment
after the laser cutting, pulled the tensile speci-
mens to failure. The mechanical properties eas-
ily met the mechanical properties expected for
powder-origin beryllium sheet, specifically
elongation to failure and ultimate strength (Table
3). This confirmed our microscopic observations
of no machining damage. Third, for large-scale
production, a more powerful laser can be used
and the beam split to cut several parts from a
sheet at the same time. Fourth, it may be useful
to pipe the laser beam into a single designated
room for beryllium-cutting operations. This
would reduce the possible exposure of person-
nel to beryllium particulate and reduce the num-
ber of formal beryllium workers.

Table 3. Mechanical properties of beryllium sheet.

UTS YS Elongation Orientation in
Condition MPA (ksi) MPA (ksi) (%) sheet
As-laser cut 450 (65.5) 270 (39.4) 13.9 Transverse
As-laser cut 510 (74.0) 330 (47.8) 17.4 Longitudinal
As-laser cut 485 (70.5) 355 (51.4) 20.2 45°
BW S200E spec. 480 (70) 345 (50) 10 —
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3. AUTOGENOUS LASER WELDING

Autogenous welding of metals (i.e., no filler
metal) is usually preferred. It is a simpler pro-
cess and would result in a more homogenous
part across the junction of the two pieces being
welded. In addition, operating temperatures may
militate against the use of a lower melting point
filler metal. However, many metals and alloys
. do not lend themselves to autogenous welding,
which is basically a complicated high-speed
casting process.

The low-strength ingot grade of beryllium
can be welded in an autogenous manner, and it
has been welded with no filler metal for the past
thirty-plus years. For specialized applications
in which the welding metallurgist had freedom
in the details of the weld design, we have au-
togenously laser welded thin sheets of ingot
beryllium and, in one case, autogenously elec-
tron beam welded the structural grade of beryl-
liumn. However, generally the more useful high
strength powder-origin structural beryllium
grades have not been amenable to autogenous
welding, with severe cracking prevalent.

Several times over the past few years, we
have been asked to make or design specialized
beryllium parts for satellites. The various parts
have been for such applications as detection of
signals from deep space or operation of the sat-
ellite. The common requirement for these parts
was no foreign material; viz., no filler material
in the form of a weld or braze alloy. In the past,
we have responded by making very thin braze
joints, usually with aluminum or an aluminum

alloy. Recently, an application came to our at-
tention in which even a thin braze line with a
minimum of non-beryllium material was not
satisfactory. .

Through NMI, we learned that SPI needed
beryllium caps joined to beryllium cylinders to
encapsulate a nontoxic hydride. The cylinder
would eventually be a component in a power
source for a satellite, and the beryllium had to
be the higher-strength structural grade. The rea-
son for no filler metal in the weld (i.e., autog-
enous) was due to two requirements. First, a
higher atomic weight element than beryllium
would harm the performance of the unit. Sec-
ond, the cylinder operating temperature was
above 600°C, which is above the melting tem-
perature of virtually all welding filler alloys for
beryllium. Any filler metal would violate one
or both of these requirements.

With our experience in autogenously weld-
ing beryllium, albeit very limited, we offered
to try laser welding the components. We knew
this would be difficult because the application
was a circumferential weld, which results in
substantial residual stress problems, and beryl-
lium is a low-ductility material that is not ame-
nable to residual stresses.

After considerable experimentation on the
exact weld design and laser parameters, we were
successful in autogenously welding the cap on
the 25-mm-diam cylindrical component. We
preferred the pulsed Nd:YAG laser; however,
the COz continuous-wave laser is promising.
Table 4 shows typical laser parameters for weld-
ing. The typical appearance of the laser weld

Table 4. Typical beryllium welding development parameters with a 400-W pulsed Nd:YAG

laser.
Thickness of sheet Cutting speed Power Power density Pulse rate
mm (in.) mm/min (in./min) (W) (W/mm?2) (Hz) Comments
0.35 (0.014) 200 (8) 210 260 10 Good weld
0.30 (0.012) 200 (8) 170 210 10 Poor weld
0.30 (0.012) 200 (8) 135 165 10 Poor weld
0.25 (0.010) 200(8) 95 115 10 Poor weld
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fusion zone is shown in Figure 4. The approach
18, in a sense, the opposite of the laser cutting.

For the welding, a small amount of energy, gen-
tly applied, is necessary to avoid high residual
stresses, especially at the weld start and stop.
Laser welding does have the advantage that,
compared to electron beam welding, the depth
of the weld can be more precisely controlled.
The individual ridges on the fusion zone reflect
the individual laser pulses. There is some co-
lumnar epitaxial grain growth in the fusion zone
(Figure 4). This is not desired, and we believe
we can improve upon the microstructure with
refinement of the welding parameters and
slightly modifying the weld design.

The sealed cylinder containing the hydride
was delivered to SPI, and they reported that the
cylinder provided excellent results and there was
no leaking above 600°C. This is the first suc-
cessful application of autogenous laser weld-
ing of structural grades of beryllium.

4. SUMMARY

Lasers can be used to cut components to size
from beryllium sheet, beryllium alloy sheet, and

beryllium-beryllium oxide composite sheet.
The cutting can be done at high speeds with tight
tolerances and small radii without introducing
machining damage. The small size of the laser
beam and the use of CNC machines result in
high material efficiencies. Lasers can be used
to autogenously weld commercial structural
grades of beryllium.
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ABSTRACT

Beryllium has been expected for using as plasma facing material on ITER. And,
copper alloy has been proposed as heat sink material behind plasma facing components.
Therefore, both materials must be joined. However, the elementary process of reaction
between beryllium and copper alloy does not clear in detail. For example, other authers
reported that beryllium reacted with copper at high temperature, but it was not obvious
about the generation of reaction products and increasing of the reaction layer.

In the present work, from this point, for clarifying the elementary process of
reaction between beryllium and copper, the out-of-pile compatibility tests were conducted
with diffusion couples of beryllium and copper which were inserted in the capsule filled
with high purity helium gas (6N). Annealing temperatures were 300, 400, 500, 600 and
700°C, and annealing periods were 100, 300 and 1000h. Beryllium specimens were hot
pressed beryllium, and copper specimens were OFC(Oxygen Free Copper) .

1.INTRODUCTION

Beryllium has been indispensable for the fusion reactor material particularly. For
example, beryllium has been considered as plasma facing material in the first wall and
divertor (plasma facing components) against plasma. On the other hand, copper alloy has
been proposed as heat sink material behind plasma facing components. In those using,
they will be joined by some kinds of methods, for example, diffusion bonding, brazing
and so on. However, disregarding their bonding methods, their materials will be heated
at high temperature under the condition of fusion reactor designing. So in the present
work, we noted on the chemical interaction between beryllium and copper under the high
temperature condition.

As for the interaction between beryllium and copper, Vickers et al.[1] conducted on
the diffusion couple test at the temperature of 600°C for 2000h under vacuum
atmosphere. As the results, they reported that a few layers were formed on copper side,
and identified BeCu and Be2Cu as the reaction products. Baird et al.[2] reported that they
reacted from the temperature of 500°C, and the reaction layer was 18um after annealing at
500°C for 29 days. From the results of Monroe et al.[3], in the condition of annealing at
760°C for 4h, beryllium diffused into copper side remarkably, and both of them were
bonded. Recently, V.R.Barabash et al.[4] conducted on diffusion bonding test in the
condition at the temperature from 800°C to 850°C for about 5 minutes. From the results,
they reported that diffusion bonding could be probably used. Then the reaction layers
were consisted of a few layers.

From these reports, though it was cleared that the interaction between beryllium and
copper took place above 500°C, they were never clarifying about the generation of
reaction products and increasing of the reaction layer. Therefore, for clarifying the
elementary process of reaction between beryllium and copper, we conducted the out-of-
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pile compatibility tests with diffusion couples of beryllium and copper which were
inserted in the capsule filled with high purity helium gas (6N). Annealing temperatures
were 300, 400, 500, 600 and 700°C, and annealing periods were 100, 300 and 1000h.
Beryllium specimens were hot pressed beryllium, and copper specimens were OFC

(Oxygen Free Copper) .
2.EXPERIMENT

2.1.Specimens
2.1.1.Beryllium

The beryllium specimens were hot-pressed beryllium disks made by NGK
INSULATORS, LTD.. The specimen dimensions were 10.0 mm diameter and 1.0 mm
thickness. The purity of the beryllium specimens was almost 99wt.%. The results of a
chemical analysis of the beryllium specimens are shown in Table 1. The main impurity of
the beryllium specimens was beryllium oxide. Hot-pressed beryllium was wrapped with
mild steel(SS41), rolled at 900°C, annealed at high temperature, and then polished until
shining condition by ¢1um diamond on buff cloth. Cleaning of the beryllium specimens
was done by ultrasonic washing with acetone.

2.1.2.Copper

The copper specimens were OFC (Oxygen Free Copper) disks. The specimen
dimensions were 10.0 mm diameter and 1.0 mm thickness. The purity of the copper
specimens was 99.99wt.%. The copper specimens were also polished and cleaned by the
same method as beryllium one.

2.2.Procedure

The outline of the capsule is shown in Fig.1. A diffusion couple of beryllium and
copper disks was inserted into the capsule made of Zry-2. Then, after filling the capsule
with high purity helium gas(6N purity), the capsule was sealed by TIG welding. The
diffusion couple was pressed down by tungsten spring to maintain the constant
pressure(32.4 N/contacting area) at the interface. The helium leak test was carried out on
the assembled capsule, and the leakage rate was less than 1.0x10-%Pa-m3/s. The capsules
were annealed in the electric furnace. The annealing conditions were 100, 300 and 1000h
at the temperatures of 300, 400, 500, 600 and 700°C. After annealing, the interactions
between beryllium and copper was evaluated.

As for the evaluation, the thickness of reaction layer was investigated by optical
microscope and SEM. Then, the reaction products(phase's formation) on beryllium and
copper surfaces were identified by EPMA(Electron Probe Micro Analyzer). Here,

accelerating voltage was 15kV, and electron beam diameter was about ¢1wm.

3.RESULTS

3.1.0bservation of the specimen cross-section

It was observed by SEM that reaction layer formed above 400°C by the interaction
between beryllium and copper, and both of them was bonded absolutely above 400°C.
Then, the degree of the reaction was remarkable at 700°C. Concerning all reaction layers,
there was a micro-line at the center of the reaction layer, and there was brittle area near
the beryllium side. Concerning the former, it was considered as the initial contacting
interface between beryllium and copper.

3.2.1dentification of reaction products

We used quantitative analysis by EPMA not structural characterization by X-ray
diffraction as the method of identifying of reaction products(phase's formation) in the
reaction layer, because the analysis at the point as small as possible was needed in this

test.
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SEM photograph of the reaction layer formed between beryllium and OFC after
annealing at 600°C for 1000h is shown in Fig.2. From this photograph, the reaction layer
consisted of two layers, one was a thin layer(about 10xm), and another layer was much
more thick than that. Then, Table 2 shows the result of quantitative point analysis on it.
From this result, it appeared that Be2Cu phase was formed at (2), and BeCu phase was
formed at (3) and (4).

The result of quantitative analysis across the reaction layer formed between beryllium
and OFC after annealing at 700°C for 100h was shown in Fig.3. From this result, Be-
Cu(B) phase whose concentration was almost constant was formed at 700°C in addition to
Be2Cu phase and BeCu phase, because the atomic concentration was corresponded to
Be-Cu(B) phase as shown in [5]. And, the plot of Be-Cu(B) phase concentration was a
little scattering, that is, it was considered to transform into BeCu phase and Cu phase by
the reason why it was cooled slowly.

4.DISCUSSIONS

4.1.Formation of reaction layer

Changes of the thickness of total reaction layer with annealing temperature for 300h
was shown in Fig.4. Reaction layer formed above 400°C, and it consisted of two layers,
that is, Be2Cu phase and BeCu phase until 600°C. In this case, the thickness of total
reaction layer increased with increasing of annealing temperature.

And additionally, very thick Be-Cu(B) phase formed at 700°C as shown in Fig.3.

By the way, reaction layer formed by the interaction between beryllium and copper
consisted of a few layers whose concentrations were almost constant by SEM and
quantitative analysis. The condition of the total reaction layer consisted of each layer was
as follows,

(a)Total thickness = Be2Cu phase(about 10xm) + BeCu phase(main)
(400°CsT=600°C)

(b)Total thickness = Be2Cu phase(about 10xm) + BeCu phase+Be-Cu(8) phase(main)
(T>600-700°C)

4.2.The behavior concerning increasing of reaction layer
It was discussed about the behavior concerning increasing of BeCu phase except for
Be2Cu phase and Be-Cu(B) phase. X
At first, because the nonreacted diffusion area was not observed, it was considered
that beryllium reacted with BeCu phase imimnediately at Cu/BeCu interface and copper also
did the same at Be/BeCu interface. Therefore, the reaction site would be determined at
BeCu phase interface. So, the process of increasing of BeCu phase was supposed to be
controlled by mass transfer, that is, diffusion of beryllium and copper in BeCu phase.
From the steady-state diffusion of beryllium and copper through BeCu phase after
reacting at the initial interface was as follows, concerning for beryllium,
IBe=-DBe(dCBe/dXBe) (mol/mm?-s) @
Here, JBe is the flux of beryllium to copper side(mol/mm?-s), DBe is the diffusion
constant in BeCu phase(mm?/s), CBe is the concentration(mol/mm3) and XBe is the
diffusion distance(mm). The next equation was introduced from (1).
Q(1/A)(dXBe/dt)=-DBe(dCBe/dXBe) 2)
Here, Q is the constant(mol/mmy), A is the reaction area(mm?) and t is the time(sec).
So, because of steady-state, if it was supposed that the difference of beryllium
concentration between Cu/BeCu phase interface and Be/BeCu phase interface was
constant, gradient of the concentration was introduced to dCBe/dXBe=ACBe/XBe. When it
was substituted this for (2), as follows,
dXBe/dt=-(A-DBe/Q)(ACBe/XBe)=-kBe/XBe 3)
Here, kBe is the diffusion rate constant of beryllium(mm?/sec). From the initial
condition of t=0(sec) and XBe=0(mm),
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XBe=-kBe'-t1/2 “4)
From equation (4), the case of copper was the same as,

Xcu=kou'-t1/2 (5)
From these relations, the equation (6) was introduced as the total diffusion distance,
X=XBe+(-X0u)=-(kBe'+ k')t 1/2=-k-t1/2 (6)

Here, k is the total rate constant(mm/sec/2). In this present, change of electrical and
chemical potential between beryllium and copper-in BeCu phase was ignored as almost
constant, however, BeCu phase might be the form of Bel-xCul+x or Bel+xCulx with
fine structural change. Therefore, the only driving force of diffusion which was
generated between interfaces was taken into consideration.

Change of the thickness of BeCu phase until 600°C with annealing time was shown in
Fig.5. From this figure, because change of the thickness was linear relation against a
square root of annealing time, the equation (6) was appropriate to this result.

Then, the relation between the total rate constant(k) and annealing temperature(1/T)
for 300h was shown in Fig.6. From this figure, because the total rate constant(k) was
linear to annealing temperature(1/T), it appeared that the apparent activation energy as for
the formation of BeCu phase was calculated as 66300(J/mol). And, the total rate
constant(k) was as follows,

k=0.588exp(-66300/RT) R:8.314(J/mol/K) @
From (6) and (7), the thickness of BeCu phase could be expressed such as (8).
X={0.588exp(-66300/RT)}1/2 ®)

Here, X is the thickness of BeCu phase(mm), R is the constant of 8.314(J/mol/K), T
is the temperature(K) and t is the time(sec).

5.CONCLUSIONS

We investigated the interaction between beryllium and copper (OFC), which were

promising as fusion reactor material. The summary obtained by this test was as follows;

(1)The reaction layer which consisted of two layers (Be2Cu phase and BeCu phase)
formed above 400°C, and additionally, very thick Be-Cu() phase formed at
700°C.

(2)The thickness of BeCu phase was linear to a square root of annealing time.
Therefore, it appeared that the behavior concemning increasing of BeCu phase was
controlled by mass transfer, that is, diffusion of beryllium and copper. And, the
apparent activation energy as for the formation of BeCu phase was calculated as

66300(J/mol), then the thickness of BeCu phase could be expressed such as -
X(mm)={0.588exp(-66300/RT)}-t1/2, R:8.314(J/mol/K), T:(K), t:(sec).
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Table 1 Chemical component of beryllium specimen

Element | Analysis value(wt.%)

Be 99.0

BeO 1.04

. C 0.083

N 0.0045
Al 0.053
Fe 0.072
Mg 0.035
Si 0.022
Mn 0.008
(04 0.008
Ni 0.005
Ca 0.014
Cu 0.005

1.0mm 1.0mm

Al203

Fig.1 Outline of the capsule
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Fig.2 SEM photograph in the reaction layer formed
between beryllium and OFC (600°C-1000h).

Table 2 The results of quantitative point analysis in the reaction layer
formed between beryllium and OFC (600°C-1000h).
((1)-(5) : see Fig.2)

Position (1) ) 3) 4) (5)

Concentration | B€| 99.9 73.8 50.7 41.5 0

(at%) Cu 0 26.2 | 49.3 58.5 99.9

Atomic
Ratio(Be/Cu) _— 2.82 1.03 0.71 -
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PRELIMINARY RESULTS FOR EXPLOSION BONDING OF
BERYLLIUM TO COPPER

DONALD J. BUTLER, DAVID E. DOMBROWSKI"

Northwest Technical Industries, Inc., 2249 Diamond Point Road, Sequim, WA 98382
*Brush Wellman, Inc., 17876 St. Clair Avenue, Cleveland, OH 44110

This program was undertaken to determine if explosive bonding is a viable technique for
joining beryllium to copper substrates. The effort was a cursory attempt at trying to solve
some of the problems associated with explosive bonding beryllium and should not be
considered a comprehensive research effort. There are two issues that this program
addressed. Can beryllium be explosive bonded to copper substrates and can the bonding take
place without shattering the beryllium? Thirteen different explosive bonding iterations were
completed using various thicknesses of beryllium that were manufactured with three different

techniques.
Introduction

There has been some apparent success
bonding the beryllium to copper, but no
mechanical testing of the joint has been
completed to confirm the bond strength.

The explosive bonding effort was
undertaken by NTI using intemal R & D
funds. Beryllium, Hycon 3 HP™ copper
alloy and metallographric analysis were
donated by Brush Wellman. Lawrence
Livermore National Laboratory (LLNL) also

supplied some beryllium sheet and
metallographric analysis funded through a
small business technology transfer program.

Materials

LLNL furnished three pieces of 1.3
mm x 76 mm x 152 mm(0.050” x 3” x 67)
electrolytically refined beryllinm which had
been cold isostatically pressed, HIPed then
cold rolled. Brush Wellman supplied the
following materials:

3 pcs  SR-200E beryllium 1 mm x 76 mm x 152 mm(0.040” x 3” x 67)

3 pcs  SR-200E beryllium 5.1 mm x 76 mm x 152 mm(0.200” x 3” x 6”)
4 pcs  S-65C beryllium 5.1 mm x 76 mm x 152 mm(0.200” x 3” x 6”)
4 pcs Hycon 3 HP™ copper 6.4 mmx 76 mm x 152 mm(0.250” x 3" x 6”.)

NTI supplied 110 copper alloy for the
iterations which did not use Hycon 3 HP™
copper.

Note that there is
difference in properties ‘between

a significant
rolled
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beryllium sheet (SR-200E and LLNL sheet)
and S-65C grade vacuum hot pressed slabs.
The rolled sheet has great (>10% elongation)

in plane ductility and essentially zero
through thickness ductility. Vacuum hot
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pressed S-65C can have up to 3% elongation
in orthogonal orientations.

Process

All of the bonding work completed
during this effort used the explosive bonding
process. Explosive bonding is a unique
process that takes advantage of the dynamic
energy created during an explosive event.
This process can metallurgically join similar
or dissimilar metals and is considered a solid
state bonding process that uses controlled
explosive energy to force two or more metals
together at high pressures (Fig. 1). During
the bonding event, the clad metal is
accelerated by the explosive into the base
metal. Several atomic layers on the surface
of each metal become plasma due to the high
velocity impact (200-500 m/s). The
collision angle forces the plasma to jet in
front of the collision front effectively scrub-
cleaning both surfaces that leaves virgin
metal on the surface. The remaining
thickness of each metal remains near ambient
temperature and acts as a huge heat sink.
Therefore, the bond line is an abrupt
transition from the clad metal to the base
metal with virtually no degradation of their
initial physical and mechanical properties.

Detonation Products

Plasmajet

Figure 1: Explosion Bonding During Mid-Event

Explosive

Clad metal

Base metal

A multitude of wvariables can be
adjusted.

a) Stand off gap between materials to
be bonded

b) Detonation velocity of the
explosive ¢) Density of the explosive

d) Depth of the explosive charge

€) Thickness of the materials to be
bonded

f) Temperature of the materials to be
bonded

g Which material is accelerated by
the explosive

h) Manufacturing technique of the
beryllium

Results

_ In all of the iterations, the beryllium
developed some cracks. In most cases there
1s apparent bonding between the copper and
beryllium. Mechanical tests of the joints
have not been performed. NTI does not
have the capabilities to perform mechanical
testing of beryllium. Metallographic
analysis of several of the pieces was
performed by LLNL and Brush Wellman.

Figure 2 is a photograph of a sample
(traveler #2145) analyzed by LLNL. The
beryllium is 1 mm(0.040”) thick SR-200E
and was furnished by Brush Wellman. The
sample was sectioned in three locations
marked 1, 2, and 3 in figure 2. Figures 3, 4,
and 5 show the bond line at each location.
No Be-Cu intermetallic phases were detected
through optical microscopy. There was no
indication of bond line separation at any
location. Cracking was observed in the
beryllium. The analysis indicates all cracks
were perpendicular to the plane of the sheet,
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and 5 show the bond line at each location.
No Be-Cu intermetallic phases were detected
through optical microscopy. There was no
indication of bond line separation at any
location. Cracking was observed in the
beryllium. The analysis indicates all cracks
were perpendicular to the plane of the sheet,
with one minor exception. One minor crack
(figure 2) was detected parallel to the plane
of the sheet. A high density of shear bands
was in the beryllium sheet.

Brush Wellman performed
metallographic examination of two samples
(#2213 and #2216). These samples were
fabricated using Brush Wellman’s 5.1
mm(0.200”) thick SR-200E beryllium rolled
sheet.

Sample #2216 was successfully
bonded, but cracking was observed in the
beryllium. The sample was analyzed in
three locations using bright field optical
microscopy, secondary electron imaging

(SED), back scattered electron images (BEI)
and energy dispersive x-ray analysis (EDS).

The optical microscopy in all three
locations showed that a low amplitude wave
pattern developed during the bonding event.
SEI and BEI analysis showed evidence of
intermetallic formation at the bond line near
the leading end of the sample. The leading
end (LE) is the end of the sample nearest to
the detonation point of the explosive.
Figures 7, 8, and 9 show the optical
microscopy, SEI and BEI photographs from
the leading end. Only one intermetallic
phase was found. EDS was used to
determine the elements in the intermetallic.
The intermetallic contains iron and copper
and possibly beryllium. Due to beryllium’s
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low atomic number most EDS systems can
not detect beryllium. The other two
locations showed no evidence of
intermetallic formation. Figures 10, 11 and
12 show the optical microscopy, SEI and
BEI photographs from the center of the
sample. All locations showed that the
cracks in the beryllium were perpendicular
to the bond line. No cracks were noted
parallel to the bond line. The analysis
showed that the beryllium and copper were
bonded to the edge of the cracks.

The iron intermetallic would not be
typical of production scale material. The
beryllium on sample #2216 was framed with
steel bar during the bonding event. Debris
from the steel bar entered the joint during the
bonding event. This is not uncommon
during explosive bonding near the detonation
point. In a production environment extra
steps are taken to block the debris from
entering the interface between the maternals.
The other two locations are more
representative of a bond generated during a
production cycle. Be-Cu intermetallics can
be very brittle and would adversely effect
the bond strength. The fact that no
intermetallics are present in these two
locations is very encouraging.

One extreme case was examined to
determine the general failure mechanism of
the beryllium. Sample #2213 was an
unsuccessful trial in which massive cracking
of the beryllium was observed and the
beryllium did not bond to the copper.
Figure 13 shows the badly cracked
beryllium. Figure 14 shows an edge with a
shear lip. The shear lip indicates primary
fracture. The uniform thickness of the shear
lip indicates that the crack initiated on one




side of the sheet and propagated through the
thickness of the sheet. This is consistent
with bending fracture. The surfaces of the
fractures are typical for fractured beryllium.
Figure 15 is an SEI of a fractured surface.
This information should be wuseful in
selecting the best beryllium grade for future
work.

The explosive bonding - iterations
between the S-65C beryllium and Hycon 3
HP™ copper were completed just prior to
publication. The analysis of this material
has not been completed.

Summary

This very limited number of tests
showed that a continuous, intermetallic free

bond can be formed between beryllium and
copper by explosive bonding. This
demonstrates the basic feasibility of the
approach.  The primary problem was
formation of cracks in the beryllium
perpendicular to the bonding interface.
However, techniques were developed to
reduce this cracking. Comparison of the
number of cracks in sample #2145 (one of
the first iterations) and sample #2216 (one
of the last iterations) show a significant
difference. Since this very limited number of
tests did not optimize the process variables,
there is potential for further improvement.
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Recommendations

Explosive bonding has more process
variables than could be adequately addressed
in this small number of tests, and a more
comprehensive test matrix is needed. The
size of the test matrix can be minimized by
holding some variables constant. It is
recommended that beryllium thickness,
grade, and manufacturing method be held
constant. The copper alloy should also be
held constant. The matrix should include
bond strength determination by shear or
tensile methods because the only measure of
bond quality in the present investigation was
metallographic examination.
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Figure 7 - Nomarski Interference photograph of the Be/Cu interface from traveler #2216. This
photograph is from the leading end of the sample. The top pitted phase is Be. The

lower phase is copper. 50x.
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Figure 8 - SEI of the Be/Cu interface of the leading end of traveler #2216. The lighter gray
. phase in the upper half is copper. The dark gray phase is Be. The medium gray
" phase on the bond line contains Fe and Cu intermetallics. 500x.

Figure 9 - BEI of the Be/Cu interface of the leading end of traveler #2216. The light phase in
the upper half is copper. The dark phase is Be. The gray phase on the bond line
contains Fe and Cu intermetallics. 500x.
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Figure 10 - Nomarski Interference photograph of the Be/Cu interface from traveler #2216. This

photograph is from the trailing end of the sample. The top pitted phase is Be. The
lower phase is copper. 500x.
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Figure 11 - SEI of the Be/Cu interface of the center of traveler #2216. The lighter gray phase in
the upper half is copper. The dark gray phase is Be. 500x.
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Figure 12 - BEI of the Be/Cu interface of the center of traveler #2216. The light phase in the
upper half is copper. The dark phase is Be. 500x.

Figure 13 - Macroscopic photograph of cracked Be from traveler #2213.
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IMPURITIES EFFECT ON THE SWELLING
OF NEUTRON IRRADIATED BERYLLIUM

M. Dalle Donne, F. Scaffidi-Argentina
Forschungszentrum Karlsruhe, Institut fiir Neutronenphysik und Reaktortechnik
Postfach 3640, D-76021 Karlsruhe, F.R.G.

ABSTRACT

An important factor controlling the swelling behaviour of fast neutron irradiated beryllium is the
impurity content which can strongly affect both the surface tension and the creep strength of this material.
Being the volume swelling of the old beryllium (early sixties) systematically higher than that of the more
modern one (end of the seventies), a sensitivity analysis with the aid of the computer code ANFIBE
(ANalysis of Fusion [rradiated BEryllium) to investigate the effect of these material properties on the
swelling behaviour of neutron irradiated beryllium has been performed.

Two sets of experimental data have been selected: the first one named Western refers to quite recently
produced Western beryllium, whilst the second one, named Russian refers to relatively old (early sixties)
Russian beryllium containing a higher impurity rate than the Western one. ‘

The results obtained with the ANFIBE Code were assessed by comparison with experimental data and the
used material properties were compared with the data available in the literature. Good agreement between
calculated and measured values has been found.
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I. INTRODUCTION

In order to generate confidence in the results provided by the code ANFIBE [1] and to assess its
prediction capabilities, it was necessary to compare the calculated results with a large number of reliable
experimental data [2-11].

The large variety of experimental conditions referring to both in-pile and out-of-pile tests has constituted
a reliable benchmark, providing good examples of gas behaviour in beryllium under different steady
state and transient conditions and for different metallographic features of the samples.

The proposed analysis is aimed at defining the confidence level of the predictions for the ranges of
parameters and the operating conditions to which the code can be applied and to assess the influence of
the key variables affecting the overall kinetics and dynamics of gas in beryllium during fast neutron
irradiation.

The measured or calculated helium generation rate instead of the neutron flux was taken as the
characterizing parameter for the considered swelling experiments. The use of helium content instead of
fast fluence is due to the fact that radiation-induced dimensional changes in beryllium subjected to fast
neutron irradiation are dominated by helium-bubble swelling.

2. MATERIAL PROPERTIES

The modelling of the experimental results requires a realistic assessment of a number of parameters
determining the.helium behaviour in beryllium along with physical and mechanical properties of
beryllium. The method which has been followed in carrying the swelling analysis deals with experiments
where the conditions (i.e. irradiation temperatures, helium generation rates, impurity contents, etc.) were
reasonably well known, as well as with the use of a set of experimental physical properties for the
material of interest.

Two sets of data have been selected: the first one named Western refers to Western beryllium produced
quite recently, whilst the second one, named Russian refers to relatively old (early sixties) Russian
beryllium containing a larger amount of impurities. '

Unfortunately, some of the experimental data and material properties crucial to helium mhodelling in
irradiated beryllium are currently very scattered or unavailable. Particular attention has been done in
minimizing the number of parameters that can be varied to match the model to the experimental results.
The two most important material properties affecting the swelling of beryllium under irradiation are the
surface tension and the thermal creep and they are both affected by the amount of impurities in the
material.

2.1. Surface tension

In theoretical models of gas-driven swelling in metals, the surface tension of solid material as a
function of the temperature is an important variable because it is one of the most important parameters
governing the swelling behaviour. This material property is, however, very sensitive to the
manufacturing processes and impurity contents, so its experimental value is scattered over a quite large
range. It is known that impurities in the metal matrix can strongly affect the surface tension by reducing
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its value for the pure material. For this reason particular care has been done in selecting the surface
tension equations both for Western and Russian beryllium [12-16].

The experimental data on surface tension of beryllium available from the literature are generally for high
temperatures near the melting point. However, if one consider temperatures where the atomic diffusion
is significant (T > 0.5Ty,), the surface tension has the same numerical value as surface free energy [15]
and its dependence on temperature may be given by [16-17]:

Y(D[N /m]=y(Z,)-Kx(T-T,) ¢))

Y(Z},) being the surface tension at the melting point and X a constant varying between 0 and 3x10”
[17]. In the present analysis the average value K=1.5x10" was assumed for the modem Western
beryllium and y(7,,) was chosen equal to 1.96 N/m as given in Ref. [18]. For the Russian beryllium the
value y(973 K) = 0.85 N/m was chosen as reference, close to the value reported in the literature for
beryllium produced in the early sixties (like the russian beryllium) [13]. This value is about three times
smaller than that for the Western and more modern beryllium. Therefore, for Russian beryllium a surface
tension with a temperature dependence similar to that for Western one but having a magnitude about
three times smaller has been chosen for the present analysis. The surface tension for Western and
Russian beryllium as a function of temperature is shown in Fig. 1.

3.50
- — Western Beryllium

3.004-0nnn , ............ S ~ ....... - = Russian Bery]]ium

2,00 et S ;-
. . - - . -

Surface Tension (N/m)

| 1 1 ] 1
400 600 800 1000 1200 1400 1600
Temperature (K)

Figure 1: Surface tension for Western and Russian beryllium as a function of temperature.
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2.2. Thermal and irradiation creep

Referring to the thermal creep law one must make a distinction between Western and Russian
experimental data too. In the former case, in fact, a thermal creep law has been found in the literature
and thus used for the analysis [19-20]. In the latter case (and in general for all kind of old beryllium),
however, only a very scattered set of data has been found in the literature, which did not directly refer to
the considered set of Russian samples irradiated at high temperature [21].

The creep strength of beryllium is controlled by grain size, oxide distribution, initial dislocation density
and concentration of certain impurity elements [21]. The most important single factor controlling the
creep strength of beryllium is indubitably the impurity content. The principal impurities in beryllium are
beryllium oxide, carbon, iron, aluminium, silicon and magnesium. The beryllium oxide impurities have
an indirect influence on creep strength through their effects on the recrystallization temperature and
grain boundary mobility, whilst iron and carbon appear to have only a minor influence on creep strength.
On the contrary, above temperatures of 650-700 °C the beryllium creep strength is considerably reduced
by the presence of aluminium, magnesium and silicon, and this reduction becomes more marked as the
temperature increases [21-22].

Due to their practical insolubility in beryllium, these three elements (which are normally located on the
grain boundaries where they form noncontinuous lenticular globules) can form low-melting phases.
Indeed the melting points of aluminium and magnesium are 660 °C and 650 °C respectively, while Al-Si
and Al-Mg eutectics melt at temperatures as low as 577 °C and 450 °C respectively [21-22]. Once these
liquid phases are formed on the beryllium grain boundaries, due to the impossibility of a shear stress to
be transmitted by a liquid, they will act as a cavity so determining a stress concentration at their tips. As
a consequence, an accelerated grain boundary shear and cracking will occur around each liquid globule
so causing a pronounced grain boundary sliding and an accelerated creep rate.

The difference in creep strength between the weakest and strongest beryllium grades which have been
found in the literature was about 20 times and the difference in creep rate was about 8 orders of
magnitude [21]. A parametric analysis was thus necessary in order to identify the set of parameters
(pre-exponential factor, stress exponent and activation energy for thermal creep) which is able to better
match the model to the experimental results. The chosen thermal creep laws are shown in Figs. 2 and 3
for Western and Russian beryllium respectively. The stress exponent for creep law is in both cases equal
to 3.6, that is higher than one: this means that creep mechanisms in beryllium entail dislocation climb
and cannot be interpreted as a simple diffusional creep phenomenon. The activation energy for creep Q.
has been assumed equal to 216.2 kJ/mol for both Western and Russian beryllium for temperature up to
650 °C. However, for T>650 °C, corresponding to the melting temperature range of Al and Mg, Q, has
been assumed equal to 710.9 kJ/mol for the Russian beryllium, which is within the range of values given
in Ref. [21] for beryllium grades containing impurities.

Referring to the irradiation creep, the mechanism governing this phenomenon in beryllium is at present
not well known, thus it is not possible to make a prediction of the enhancement of creep under
irradiation in a wide range of temperatures. Only one experiment of irradiation creep in beryllium has
been reported in the literature [23] and the corresponding steady state creep rate law has been used for
the present calculations. Although this correlation refers to a single experimental test it can be in any
case taken as a reference for the evaluation of the irradiation creep rate at all temperatures where self-
diffusion is insignificant. In any case, probably the effect of the enhancement of irradiation creep plays
only a minor role in governing swelling behaviour of beryllium for temperatures higher than 250 °C due
to the prevalence of the thermal creep.
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Figure 2: Thermal creep rate for Western beryllium as a function of temperature.
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3. EXPERIMENTAL DATA

Beryllium Western and Russian irradiation experiments carried out in different fission reactors
[2-11] at temperatures ranging from 50 to 970 °C and at neutron fluences up to 5.0-10% m?
(E;>0.8-1 MeV), with helium contents up to 26100 appm were used for the calibration of ANFIBE code.
The major part of the swelling data are, however, for beryllium irradiated both at low temperatures up to
very high fluences and at low fluences up to high temperatures [2-5] [7-8] [10]. The only available
Western swelling data referring to relatively high irradiation temperature (T=427-487 °C) and, at the
same time high fast neutron fluence (up to 10% m'z) come from Beeston's experiments [6]. The other
set of well characterized high temperature Western irradiated beryllium refers to specimens irradiated in
the SILOE reactor in Grenoble (BEGONIA Experiment) at temperatures up to 700 °C but a relatively
low fast neutron fluence (up to 2.5 10 m’ ) [9].
A set of experiments has been found in the literature with reference to Russian beryllium samples
irradiated at temperatures up to 970 °C and at fast neutron fluences up to 10% m? (E;>0.8-1 MeV) [11].

4. COMPARISON WITH ANFIBE CALCULATIONS

A comparison between calculated and experimental swelling data for in-pile Western irradiated
beryllium is shown in Fig. 4 each point of which, classified according to the irradiation temperature,
represents the swelling behaviour of a single neutron irradiated beryllium specimen. The agreement
between calculated swelling and experimental data is excellent.

3.40
Neutron Fluence : up to 51026 n/m?2 (E> 1MeV)..-"

3.06+ (Helium Content : up to 26100 appm) . <>
~—~2.72 Irradiation Temperature : up to 700°C ‘ <> )
o 2-38
-6 2.04—' . .‘...' 0 .o...‘ ’
(% 1.70 <> 3 .-~ 68% Confidence Interval
? 1.36- et 4 3 : 600—700 °C
3 N s . - °
& 1.024 & Vet + : 250-450 °C
2 v <O <100 °C
= 0.68- o =&
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Mean Error : 0.9%
0.00 1 1 1 1 1 I I 1 1

00 .34 .68 1.02 1.36 1.70 2.04 2.38 2.72 3.06 3.40
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Figure 4: Comparison of calculated and experimental swelling data for in-pile irradiated Western
beryllium [2-9].
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A comparison between calculated and experimental beryllium swelling data for the available Western
experiments referring to relatively high irradiation temperature and, at the same time; relatively high fast
neutron fluence [6] [9]is shown in Fig. 5.

Also in this case ANFIBE correctly predicts the experimental results; the discrepancies are due both to
the uncertainty in the experimental conditions (i.e. fast flux, helium generation rate, volumetric heat
generation, etc.) and in the relevant beryllium properties (i.e. creep law) which are affected by impurity
content and manufacturing processes in a stronger way than in the case of low irradiation temperature.
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Figure 5: Comparison of calculated and experimental swelling data for high temperature in-pile
irradiated Western beryllium [6] [9].

As it has been previously pointed out, another set of experiments refers to Russian beryllium samples
irradiated both at high temperature and at high fast neutron fluence [10-11]. However, being these data
obtained for a very old beryllium (early sixties) the physical properties of which differ very much from
those of the more modern beryllium, an additional calibration analysis was required in order to good
characterize these experiments.

For a helium reference creation rate of 4000 appm He per 10%® m? fast neutron fluence cited in the
literature [10-11], the measured swelling of Russian beryllium is always higher than that of the more

modern Western one containing the same He quantity and subjected to similar irradiation conditions.

This fact is clearly illustrated in Fig. 6, which shows the volumetric swelling of beryllium irradiated at

temperatures below 100 °C as a function of helium content in comparison with the prediction of the
ANFIBE code.
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Figure 6: Swelling of Western and Russian beryllium irradiated at temperatures below 100 °C as a
function of helium content [2-11].

A likely reason for this behaviour is that, due to its quite poor quality (i.e. high impurity content) the
Russian beryllium has a surface tension which is lower than that of the Western, more modern one.

Fig. 6 shows that the Russian experimental data agree quite well with the ANFIBE predictions based on
the surface tension values shown in Fig. 2. At these low temperatures the thermal creep doesn’t play any
role.

Swelling increases at low temperatures almost linearly with the gas content, as expected from theoretical
considerations. At low irradiation temperatures, in fact, when the mobility of the vacancies and
interstitials is very low and the gas atoms are practically immobile in the lattice, helium cannot migrate
to the grain boundaries where it could coalesce to form big intergranular bubbles, which causes the
departure from linearity in swelling behaviour.

On the contrary, the situation is quite different for the samples irradiated at high temperatures (up to
970 °C) and at fast neutron fluences up to 10% m [11] for which, due to both the rapid coalescence of
the gas bubbles and the reduction of the mechanical strength of the material, one should expect a non-
linear increase of the swelling with the gas content and the influence on creep strength due to the
impurity content (i.e. Al, Mg) in beryllium must also be taken into account.
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Fig. 7 shows the volumetric swelling as a function of the irradiation temperature for the Russian
beryllium [11] at different fast neutron fluences as compared with the predictions of ANFIBE. In this

case a creep law taking into account the possible presence of liquid phases at the grain boundaries has
been used as shown in Fig. 3. The agreement between the experimental data and the ANFIBE
predictions is also here quite good.
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Figure 7: Comparison of calculated and experimental swelling for Russian beryllium irradiated at high
temperatures and high fluences [10-11].

5. CONCLUSIONS

An important factor controlling the swelling behaviour of beryllium under neutron irradiation is the
impurity content which can strongly affect the material properties.
Beryllium irradiation experiments carried out in different fission reactors at temperatures ranging from
50 to 970 °C and at neutron fluences up to 5.0 -10% m? (E,>0.8-1 MeV), with helium contents up to
26100 appm were compared with the predictions of the computer code ANFIBE.
Two sets of data have been selected: the first one named Western refers to Western beryllium produced
quite recently (end of the seventies), whilst the second one, named Russian refers to relatively old (early
sixties) Russian beryllium containing a higher impurity rate than the Western one. The comparison
between calculated and experimental swelling data shows that:
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1. The swelling of Russian beryllium irradiated at low temperature (T<100 °C) is systematically higher
than that of the Western and more modern one. This behaviour has to be attributed to the fact that the
old Russian beryllium has a relatively high amounts of impurities in comparison with Western
beryllium. This fact causes a decrease of the surface tension thus determining a reduction of the
mechanical strength of the material which opposes the deformation of the metal under the thrust of
the helium-bubble overpressure.

- The swelling of Russian beryllium irradiated at high temperature and, at the same time, at high
neutron fluence is much higher than that of the Western beryllium. This is likely due to the fact that
some impurities (i.e. Al, Mg, Si) can form, due to their practical insolubility in beryllium, low-
melting phases which are in the liquid form at temperature higher than 650-700 °C. Once these liquid
phases are formed on the beryllium grain boundaries they act as a cavity so causing a pronounced
grain boundary sliding and an accelerated creep rate. The enhancement of the thermal creep rate and,
at the same time, the decrease of the surface tension due to the presence of impurities, will determine
a strong increase of the swelling for high irradiation temperature.
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TRITIUM RELEASE FROM NEUTRON IRRADIATED BERYLLIUM:
KINETICS, LONG-TIME ANNEALING AND
EFFECT OF CRACK FORMATION

F. Scaffidi-Argentina, H. Werle
Forschungszentrum Karlsruhe, Institut fiir Neutronenphysik und Reaktortechnik
Postfach 3640, D-76021 Karlsruhe, F.R.G.

ABSTRACT

Since beryllium is considered as one of the best neutron multiplier materials in the blanket of the
next generation fusion reactors, several studies have been started to evaluate its behaviour under
irradiation during both operating and accidental conditions.

Based on safety considerations, tritium produced in beryllium during neutron irradiation represents one
important issue, therefore it is necessary to investigate tritium transport processes by using a
comprehensive mathematical model and comparing its predictions with well characterized experimental
tests.

Because of the difficulties in extrapolating the short-time tritium release tests to a longer time scale, also
long-time annealing experiments with beryllium samples from the SIBELIUS irradiation have been
carried out at the Forschungszentrum Karlsruhe. Samples were annealed up to 12 months at temperatures
up to 650 °C. The inventory after annealing was determined by heating the samples up to 1050 °C with a
He+0.1 vol% H, purge gas.

Furthermore, in order to investigate the likely effects of cracks formation eventually causing a faster
tritium release from beryllium, the behaviour of samples irradiated at low temperature (40-50 °C) but up
to very high fast neutron fluences (0.8-3.9¢ 102 cm?, E,21 MeV) in the BR2 reactor has been
investigated. Tritium was released by heating the beryllium samples up to 1050 °C and purging them
with He+0.1 vol% H,. Tritium release from high-irradiated beryllium samples showed a much faster
kinetics than from the low-irradiated ones, probably because of crack formation caused by thermal
stresses in the brittle material and/or by helium bubbles migration.

The obtained experimental data have been compared with predictions of the code ANFIBE with the goal
to better understand the physical mechanisms governing tritium behaviour in beryllium and to assess the
prediction capabilities of the code. Good agreement between calculated and experimental data has been
found.
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1. INTRODUCTION

Solid breeder blankets of fusion reactors require beryllium as neutron multiplier to achieve adequate
tritium breeding. In the fast neutron field of the blanket, helium and tritium is produced in beryllium.
Therefore, besides compatibility with other blanket materials, helium-induced swelling and tritium
retention are of concern.

Although the tritium production rate in beryllium is two to three order of magnitude smaller than that in
the breeder ceramic, because of the slow release at typical blanket temperatures [1], the inventory in
beryllium might become large during the DEMO blanket lifetime (=3 years) and is therefore a safety
concern.

The produced tritium can diffuse through the lattice and/or be captured by structural traps such as
intragranular helium bubbles, closed porosity, grain boundaries, etc.. If tritium is trapped in a helium-
filled bubble, it follows the fate of the bubble and will be released only if the bubble is vented into an
open porosity network, through which the gas can escape with effectively no activation energy. On the
other hand, because beryllium of commercial purity always contains some oxide inclusions (which tend
to collect at grain boundaries where they form globular phases), beryllium oxide can react with tritium to
form beryllium hydroxide which is energetically stable with respect to single tritium atoms. Tritium
chemically bound in form of beryllium hydroxide at oxide inclusions requires a sufficiently high thermal
energy to be released. In fact, under the action of heating, beryllium hydroxide may dissociate and
tritium in atomic form can be re-injected into the lattice. Tritium in excess of what the lattice can
dissolve either diffuses through the lattice and escape from the specimen or is captured by gas bubbles,
depending on thé present global bubble density and size. Due to the two different tritium trapping
mechanisms in beryllium, the release kinetics will be thus different depending on gas bubble density and
size, and on irradiation or annealing temperature.

Therefore, release kinetics of neutron-generated tritium of two types of beryllium samples (SIBELIUS
and MOL) has been studied. For beryllium samples which were in contact with breeder ceramic during
irradiation, a second type of tritium inventory, due to implantation from the ceramic, was observed.
Because it is difficult to extrapolate the short-time kinetics data to time scales comparable to the blanket
lifetime, also long-time annealing experiments (up to 12 months at temperatures up to 650 °C) have been
performed. With the MOL samples, which were irradiated up to very high fast neutron fluences of
3.9¢10% cm™ (DEMO blanket <2.5+¢ 10”2 cm™), also effects of crack formation on tritium release were
observed.

To describe the irradiation behaviour of beryllium the computer code ANFIBE has been developed [2].
The experimental results have been compared with the ANFIBE predictions with the goal to better
understand the mechanisms governing tritium transport and to assess the prediction capabilities of the
code.

2. EXPERIMENTS

2.1. Samples and irradiation conditions
The beryllium pellets (8 mm ) x 2 mm) for the SIBELIUS irradiation [3] were made by the Brush-

Wellman (specification B-26, arc cast, BeO<300 ppm). The structure is characterized by grains as large
as 2 mm and some intergranular cracks; a cold worked layer resulting from machining is observed on the
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surface; the density determined from the masses and dimensions varied between 1.79 and 1.82 g/cm’ and
was in the average 1.805 g/cm (98% theoretical density) [4]. The SIBELIUS irradiation was
performed 1990 in the SILOE reactor at CEN Grenoble to a fast (E, 21 MeV) neutron fluence of
6+10%° cm™. The irradiation temperature was 550 °C, except for capsule 1, where it was 270 °C. Whole,
fresh pellets, but also smaller samples made from pellets that were previously used for metallographic
investigations were studied. The previously used pellets were cleaned and axially cut to quarters of

pellets.

The second type of beryllium samples (type MOL) were provided by CEN Mol [5,6]. The samples
were made from cylindrical bars (15 mm (/) x 100 mm) fabricated by Kawecki Berylco Industries by
vacuum hot pressing of impact attritioned powder of 100 mesh at least (grade S-200 E). The average
grain size amounts to 10-13 pum. The specific BeO content is < 2%, the bulk dénsity corresponds to
99.5% of the theoretical density. The bars have been 1rrad1ated at 40-50 °C in the BR2 reactor to a fast
(E, 21 MeV) neutron fluence of 0.8, 2.8, 3.9 10?2 cm™. After irradiation the bars were ultrasonically
treated to remove the outer oxide layer. Then they were rinsed with water and dried. Appropriate
samples were cut from the bars. A cutting method which did not severely heat the samples was used to
prevent release of contained gases. During the cutting it was experienced that the irradiated material was
rather brittle [5].

2.2. Facilities and procedures

The main characteristics of the tritium release facilities are: the sample chamber is connected by a
short, heated line (~300 °C) to a Zn-reductor (~390 °C). The reductor transforms any tritium water to
tritium gas. This avoids problems with trititum water absorption and allows quantitative tritium
measurements. The tritium activity of the purge gas is measured with an ionization chamber and/or a
proportional counter. The released tritium inventory is determined by integrating the measured release
rate over the time.

Two tritium release facilities have been used: a first series of experiments have been performed in the
hot cell facility, where the maximum sample temperature was restricted to 900 °C. It turned out that this
temperature is not sufficient to release all tritium. Therefore, in a second series of experiments most of
the samples were heated to 1050 °C. By heating some samples to even higher temperatures, it has been
checked that essentially all tritium is released at 1050 °C within several hours.

For the tritium release investigations, the samples were purged with high-purity He+0.1 vol% H,. Two
heating procedures were applied: either linear ramps with 5 °C/min or a stepwise temperature increase.
For the long-time annealing studies, the quarters of pellets from the SIBELIUS irradiation have been
used. The samples were inserted at definite positions in a tube furnace to achieve the desired annealing
temperatures of 380, 450, 550 and 650 °C and were purged with 5 I/h high purity He. After removal from
the annealing furnace, the residual tritium inventory was determined by purging and heating the samples
up to 1050 °C in the tritium release facilities.
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2.3. Results and discussion

Release kinetics

It is expected that if beryllium is in direct contact with breeder ceramic during irradiation, a fraction
of the 2.74 MeV tritons (range in ceramic ~40um) produced in the ceramic is implanted into the surface
layer of beryllium, leading to an additional inventory which was estimated to be several times larger than
the neutron-produced one. This has been confirmed by the measured tritium release of SIBELTUS pellets
which were in contact with ceramic during irradiation (Fig. 1). Pellet 6 of capsule 1 was irradiated at
270 °C and contained a high implanted inventory (total specific inventory 4100 MBg/g), which is
released already at 500 °C (Fig. 1 top). For the other two pellets (pellet 15 of capsule 2 and pellet 15 of
capsule 5), which were irradiated at 550 °C, the implanted tritium was evidently released already during
irradiation (total specific inventory 1500-1600 MBq/g) and the neutron-generated tritium is released

only above 600 °C.
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Figure 1: SIBELIUS beryllium samples, whole pellets: release of implanted (top) and neutron-
generated tritium (center, bottom).
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In Fig. 2 tritium release of not-annealed quarters of SIBELIUS pellets irradiated at 270 °C is shown.
Sample 1-3.1 (1 capsule no. - 3 pellet no.. 1 quarter no.) was not, sample 1-5.1 was in contact with
ceramic during irradiation, but contained only a small implanted inventory, because the bulk is released
during cleaning and cutting of the pellets. The release starts to increase with temperature above about
600 °C. At 850 °C it initially decreases fast, but achieves a nearly constant value after several hours,
indicating a remarkable residual inventory, which is confirmed by the 1050 °C runs during which the
residual inventories of 15-40% are released.

In Fig. 3 tritium release from the MOL samples 110A-9c, irradiated with the lowest fast fluence
(0.8 10% cm'z) is shown. Similar as for the SIBELIUS samples, the release starts to increase above
about 600 °C, but decreases very slowly at 850 °C. Correspondingly, only a small fraction (11%) of the
tritium is released at 850 °C, the bulk (83%) is released at 880 °C and the residual 6% at 1050 °C. The
behaviour at 880 °C is very surprising: at constant temperature, normally the release rate decreases
monotonically with the time, whereas here, after several hours, it starts to increase to a maximum and
finally decreases again. After the maximum, strong oscillations of the release rate are observed. A
similar behaviour has been previously observed by Baldwin and Billone [7] for beryllium irradiated at
75 °C. During heating at constant temperature, after a time lag of 2 to 4 hours a burst release of tritium
was seen. Details are given in Tab. 1.
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Figure 2: SIBELIUS beryllium samples, not-annealed quarters of pellets: release of neutron-generated
tritium.
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Figure 3: MOL beryllium samples 110A-9¢ (fast fluence 0.8« 102 cm'z): release of neutron-generated

tritium.
Sample density (% of the theoretical) 81% 99% 100%
Fast fluence, E, >1 MeV [cm™] 2.6+10% 2.6+10% 5.0+10%
Temperature of burst release [°C] 600 900 600

Table 1: Burst release temperature for various beryllium samples observed by Baldwin and Billone [7].

Their explanation, that this burst release is due to the migration of helium bubbles which leads to the
formation of interconnected grain-edge tunnels to the sample surface, looks very reasonably.

Tritium release of the highly irradiated MOL samples 110A-9a (fast fluence 2.8+ 102 cm'z) and
137A-22b (fast fluence 3.9+10” cm™®) is much faster than that of weakly irradiated samples 110A-9¢
and of the SIBELIUS samples, as is clearly shown in Fig. 4. Release drops fast at 850 °C and
correspondingly essentially all trititum (94-96%) is released at this temperature. Also in contrast to
samples 110A-9¢c, no burst release was observed. An explanation which is consistent with the fast
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release is that in this highly irradiated samples the formation of the interconnected grain-edge tunnels

occurs already during irradiation. The different kinetics is also demonstrated in Tab. 2, where the
fractional release at different temperatures is given.
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Figure 4: MOL berylhum samples 110A-9a (fast fluence 2.8« 102 cm™) and 137A-22b (fast fluence
3.9.10% cm” ) release of neutron-generated tritium.

Temperature [°C] SIBELIUS samples MOL samples
not-annealed, quarters of pellets
1-3.1 1-5.1 2-11.2 | 110A-9¢c.3 110A-9a2 137A-22b.6
850 0.59 0.85 © 058 0.11 0.94 0.96
880 —_ — — 0.94 0.96 0.97
1050 1.0 1.0 1.0 1.0 1.0 1.0

Table 2: Fractional tritium release for SIBELIUS and MOL beryllium samples.




Long-time annealing (SIBELIUS samples, quarters of pellets)

The residual specific inventory after annealing is shown as function of annealing time with the annealing
temperature as parameter in Fig. 5. Tritium release is very slow below 400 °C and moderately fast between
450 and 550 °C. At 650 °C, the inventory decreases pretty fast to several percent during the first six

months, but afterwards it remains essentially constant.

The data of Fig. 5 have been roughly fitted by straight lines - although at 650 ° C the decrease is not
exponential - and tritium residence times have been determined (Fig. 6), which correspond to the time at

which the inventory has decreased to 37% (1/e) of the initial value.

Although due to both experimental data scattering and not-exponential decrease, the uncertainty of the
residence times in Fig. 6 is quite large, to our knowledge no other data on long-time tritium release from
beryllium are available for fusion blanket predictions. From Fig. 6 it can be seen that at temperatures below

about 400 °C, essentially all produced tritium is retained in beryllium.
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Figure 5: Residual specific inventory vs. annealing time for neutron-generated tritium in beryllium,

parameter annealing temperature (SIBELIUS samples, quarters of pellets).
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Figure 6: Residence time vs. annealing temperature for neutron-generated trittum in beryllium
(SIBELIUS samples, quarters of pellets).

3. COMPARISONS WITH ANFIBE PREDICTIONS

In order to better understand the physical mechanisms governing tritium release behaviour in
beryllium, as well as to generate confidence in the results provided by the code ANFIBE and to assess its
prediction capabilities, it was necessary to compare the calculated results with a large number of reliable
experimental data as described in [2].

Samples 2-13 and 5-11/13 of the SIBELIUS series, both irradiated at 550 °C, and successively annealed
at 550 and 650 °C respectively up to 12 months has been taken as reference for long-time annealing
calculations with the ANFIBE code. Although both samples were, during irradiation, in contact with
ceramics and ANFIBE cannot yet take into account the effects of implanted tritium, they were in any
case chosen due to the fact that, in a similar way as for samples 2-15 and 5-15, in both cases essentially

all implanted tritium, but only a small fraction of the neutron-generated tritium was released during the
irradiation at high temperature.

A comparison in terms of fractional tritium release as a function of the annealing time between
experimental data and predictions of ANFIBE is shown in Figs. 7 and 8. The agreement between
calculated and experimental data is satisfactory. The predicted residence time of neutron-generated
tritium is about 6 months for sample 2-13 (annealing temperature 550 °C) and 2 months for sample
5-11/13 (annealing temperature 650 °C) respectively. These values are in reasonable agreement with the
experimental results shown in Fig. 6.
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In order to investigate the possible crack formation eventually causing an increased tritium release from
beryllium, the behaviour of two samples both irradiated at low temperature but at very different fast
neutron fluence in the BR2 reactor and successively out-of-pile annealed at high temperature has been
investigated.

In the first case the behaviour of the sample 110A-9¢.3 of the MOL series (fast fluence 0.8+10% cm” )
was investigated. As previously pointed out, the in-pile irradiation was followed by a temperature ramp
with a slope of about 5 °C/min from room temperature up to 850 °C. As shown in Fig. 9, the tritium
release rate has a rapid increase during the temperature ramp and then it tends to slowly decrease as the
annealing temperature remains constant. The comparison between calculated and experimental data
shows in this case a good agreement.

On the contrary, for the sample 110A-9a.3, which was irradiated with a fast neutron fluence of
2.8+10% cm™ and successively out-of-pile annealed up to 850 °C in the same way as the previous one, a
sharp peak is observed in the experimental tritium release rate curve during the temperature ramp
probably because of microcracks formation. Due to the higher neutron fluence, in fact, the beryllium
specimens has become more brittle than in the previous case and consequently it easily cracked under
thermal stresses. A comparison between the calculated and the experimental tritium release is shown in
Fig. 10. Since ANFIBE doesn't account yet for the effect of the microcracks, the code prediction cannot
be, in this case, in good agreement with the experimental data as for sample 110A-9¢.3.
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Figure 9: Comparison of calculated and measured tritium release rate as a function of time for
moderately irradiated beryllium (fast fluence 0.8 102 cm?, MOL sample 110A-9¢.3).
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Figure 10: Comparison of calculated and measured tritium release rate as a function of time for highly

irradiated beryllium (fast fluence 2.8+ 10 cm™, MOL sample 110A-92.3).

4. CONCLUSIONS

In the present work both stepped and ramp annealing experiments were done to investigate tritium
release behaviour from irradiated beryllium. Tritium release kinetics from two types of beryllium
samples (SIBELIUS and MOL) has been studied. Comparison of the experimental data with the
prediction of code ANFIBE was also performed with the goal to better understand the mechanisms
governing tritium transport and to assess the prediction capabilities of the code.

According to previous studies, it was found that the release of neutron-generated tritium in beryllium is
very slow if compared with ceramics. Furthermore, the present work indicates that for beryllium which
is in direct contact with breeder ceramic during irradiation, a fraction of the 2.74 MeV tritons (range in
ceramic ~40um) produced in the ceramic is implanted into the surface layer of beryllium, thus leading to
an additional inventory which was estimated to be several times larger than the neutron-produced one.
Analysis of samples from the SIBELIUS series indicates that pellets irradiated at relatively low
temperature (270 °C) retain, during irradiation, most of the implanted and essentially all the neutron-
generated tritium. On the contrary, pellets irradiated at 550 °C, seem to release all the implanted tritium
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already during irradiation, while the neutron-generated tritium is released only after annealing at
temperatures above 600 °C.

Long-time annealing of beryllium samples from the SIBELIUS series indicates that tritium release is
very slow below 400 °C and moderately fast between 450 and 550 °C, while at 650 °C the inventory
decreases fast during the first 6 months and then remains essentially constant as confirmed by ANFIBE
calculations too. '

Beryllium samples from the MOL series irradiated with the lowest fast fluence (0.8 « 10?2 cm™) show, in
a similar way as for the SIBELIUS samples, a release which starts to increase above about 600 °C, but
decreases very slowly at 850 °C. Correspondingly, only a small fraction (11%) of the tritium is released
at 850 °C, the bulk (83%) is released at 880 °C and the residual 6% at 1050 °C. On the other hand, a
surprising behaviour was observed at 830 °C: during heating at constant temperature, after a time lag of
several hours a burst release was observed, probably due to migration of helium bubbles leading to the
formation of interconnected grain-edge tunnels to the sample surface. With other samples irradiated up
to very high fast neutron fluences of 3.9+ 10”2 cm?, a much faster tritium release than in the case of
weakly irradiated samples was observed. Comparison of experimental data with ANFIBE predictions
indicates that this effect is due to microcracks formation during the out-of-pile heating phase. This is
confirmed by the fact that highly irradiated beryllium from the MOL series showed a rather brittle
behaviour during the cutting phase of the samples.

Although, at this stage, not all the mechanisms governing the release of tritium in irradiated beryllium
have been fully understood, comparison of the code predictions with experiments indicate that, for the
cases considered so far, the most important phenomena were accounted for by ANFIBE. However, to
further improve the availability of the code predictions, in-pile experiments at high temperatures and, at
the same time, high fast neutron fluences are clearly required.
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R&D results on beryllium with high radiation resistance obtained recently are described in this
report. The data are presented on nine different grades of isotropic beryllium manufactured by
VNIINM and distinguished by both initial powder characteristics and properties of billets, made of
these powders. The average grain size of the investigated beryllium grades varied from 8 to 26 um,
the content of beryllium oxide was 0.9 - 3.9 wt.%, the dispersity of beryllium oxide - 0.04 - 0.5 um,
tensile strength -- 250 - 650 MPa.

All materials were irradiated In SM - 2 reactor over the temperature range 550 - 780°C. The
results of the investigation showed, that HIP beryllium grades are less susceptible to swelling at
higher temperatures in comparison with hot pressed and extruded grades. Beryllium samples, having
the smallest grain size, demonstrated minimal swelling, which was less than 0.8 % at 750°C and Fs
= 3.7 -10* cm? (E>0.1 MeV). The mechanical properties, creep and microstructure parameters,
measured before and after irradiation, are presented.

1. INTRODUCTION

Beryllium is under the consideration as a main candidate material for plasma facing components
of ITER. One of the main requirements for such components is a resistance to thermal cyclic loading
under neutron irradiation conditions. Therefore, to create suitable beryllium it is necessary to develop
methods of increasing the thermal strength and radiation resistance of existing beryllium grades. The
earlier concept of the development of beryllium with high radiation resistance, allowed to formulate
requirements to metal structure, providing for suitable properties. The main of them are small grain
size, high content and dispersity of beryllium oxide, which has to be distributed at the grain
boundaries[1]. Carring out of these requirements increases the nucleation number and stability of gas
bubbles, improves the creep resistance, diminishes the brain boundary slipping and increases the high-
temperature strength. Finally, all this factors lead to swelling decrease.

For several recent years authors have been conducting the investigations on tile properties of
different grades of beryllium before and after irradiation. Some results of these investigations were
presented at SOFT-18 [1]. The new data, obtained recently, compared with those, presented earlier,
are described in this report. Thus, the report presents the data on swelling, results of tensile and
creep tests and microstructure data on swelling results of tensile and creep tests and microstructure
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parameters of nine different grades of isotropic beryllium, manufactured by VNIINM and
distinguished both initial powder characteristics and properties of the billets, made from these
powders.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

Nine grades powder beryllium were manufactured and tested, among them one grade of porous
beryllium with 3 vol.% of porosity - THP-56P. Six beryllium grades were prepared out of cast
beryllium powder (THP-56, THP-56P, THP-40, TIP-30, TIP, TRR) and three grades were obtained
out of distillate beryllium (DIP-30, DIP, DRR). Five beryllium grades (TRR, DRR, 'T'IP, DIP, DIP-
30), having a fine-grained microstructure, which is dispersion-reinforced with oxide beryllium
inclusions, fit almost all requirements mentioned above.

All beryllium grades are described by the following characteristics: average grain size (a.g.s.),
beryllium oxide content (C;,0), dispersity of particles of beryllium oxide (a.0.s.) and compacting
method. The characteristics of beryllium grades being investigated are presented in Table. 1.

To evaluate a stability of stricture and mechanical properties during prolonged operating period,
six grades of beryllium (TIP, DIP, TRR, DRR, TIP-30, DIP-30) were exposed to annealing at 650
and 750°C for 1000 hours. Within the error limits no change were revealed in the density, grain size
and second fases stability. Tensile and compressive test results indicated, that on the whole the
mechanical properties do not change due to annealing for all tile materials. The scatter in the data
of 2 - 8 % seems to be connected with certain structure inhomogeneity of tile samples investigated.

All materials were irradiated in high flux channels of SM-2 reactor in leaktight capsules. Neutron
flux density (E>0.1 MeV) was (3.2 - 3.6)10"*cm-"?s™ and that of thermal neutron was (3.0 - 5.1) -
10%cms™. Irradiation was performed up to the maximum fluence of fast neutrons of 3.7 - 10%cm?
and to that of thermal neutrons 5.4 - 10* cm™. Table 2 summarizes the irradiation parameters of tile
materials.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 SWELLING

Fig. 1 shows the experimental curves of the beryllium swelling versus irradiation temperature.
According to Fig. 1 and Table 1, beryllium swelling reduces with the grain size decrease and with
the oxide content and dispersity increase. HIP beryllium grades are less susceptible to the swelling
at higher temperature compared with hot pressed grades and the porous beryllium, that is connected
with the higher creep resistance of the HIP beryllium [2].

It should be noted, that the differences in swelling between beryllium grades TIP, DIP, TRR and
DRR (corresponding data placed in the hatched field of Fig. 1, curves 1 - 4), were less, than it was
expected from the differences in grain size, oxide content, mechanical properties and creep resistance.
At first sight this fact contradicts earlier experimental results and to the generally accepted opinion,
that the structural elements mentioned above have a considerable effect on the swelling at
temperatures above 600°C and fluences more than 5 - 10 cm? [3]. By X-ray analysis and
transmission electron microscopy (TEM) it was revealed, that in these beryllium grades the gas
atoms, formed during irradiation, were dissolved in the solid solution (>95 %), and only a small part
of them precipitated in the form of gas bubbles. This fact indicates, that beryllium grades under
consideration are in the beginning of swelling, when the importance of structural factors are not
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significant. It is expected, that with the increase of fluence or irradiation temperature tile swelling
rates of TRR, DRR grades will be less, than those of TIP and DIP grades. Tile creep test results
confirm this assumption indirectly (Table 3).

Fig. 2 presents tile data of swelling inhomogeneity versus a distance from tile irradiated surface.
These data were obtained by the density measurements of tile samples, cut out of the bulk beryllium
block along the neutron flux (F,) direction at various depths from the outer surface. The maximum
depth was of 50 mm. According to Fig. 2, the higher total swelling and tile higher irradiation
temperature, the larger swelling inhomogeneity is. This effect is connected with the properties of
beryllium to scatter and to slow down neutrons, resulting in inhomogeneities of tile production of
transmutation elements along the neutron range. Fig. 3 presents the variation of beryllium density
as a function of helium content for the DIP grade samples after irradiation. Swelling inhomogeneities
should be taken into account when designing beryllium elements, because they call cause additional
alternate stresses, which can lead to inhomogeneous deformation of beryllium elements and even to

their failure.
3.2. RESULTS OF TENSILE TEST

Fig. 4 and 5 show the effect of irradiation on mechanical properties of beryllium. Tests were
performed at 20, 550, 650 and 750°C. All the irradiated materials suffered a significant decrease of
tensile strength, yield strength (15 - 50 %) and elongation (65 - 100 %). However, after the
irradiation the tensile strength and yield strength values of the most stable against swelling beryllium
grades (TRR, DRR, TIP, DIP) conform to initial strength characteristics of the most of commercial
grades. The results of investigation showed, that the materials with higher initial strength properties
are less susceptible to swelling (Fig. 1, 4, and 5).

3.3. RESULTS OF CREEP TESTS

Table 3 presents creep test results most stable against swelling beryllium grades before and
after irradiation. Creep rate of TIP and DIP grades is higher, than that for TRR and DRR grades.
Tills difference seems to be connected with grade size and oxide content effect on the creep resistance
[2]. After the irradiation at 750°C with fluence 2.4 - 10? cm™ tile creep rate is 2 - 5 times higher.

CONCLUSION

High-temperature neutron irradiation results in significant changes in physical and mechanical
properties of beryllium. To minimize these changes, one needs to affect such structural parameters
as grain size, content and dispersity of beryllium oxide.

New method of development of beryllium with high radiation resistance allowed to produce
beryllium grades with higher size stability under the irradiation. Beryllium grades with the smallest
grain size show minimal swelling of less than 0.8 - 1.0 % after the irradiation with fluence 3.7 - 10*
cm? at 750°C.

After the irradiation the tensile strength and yield strength values of the most stable against
swelling beryllium grades TRR, DRR, TIP, DIP conform to initial strength characteristics of the most
of commercial grades.
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Table II

Irradiation parameters of beryllium

Neutron Materials
THP-40 TIP-30 TIP TRR
fluence, cm-2 THP-56 DIP-30 DIP DRR
THP-56P
Fs - 1021 (E>0.1 MeV) 1.826 2027 2437  24-37
Fy, - 1021 (E<0.68 V) 33-51 2126 3454 3454
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Table I1I

Creep rate of beryllium before and after irradiation with Fg=2.4-1021cm™

(E>0.1 MeV) at 750°C

Secondary creep rate, s-1

Material Condition T =650°C T =750°C
c=15MPa o¢=25MPa oc=15MPa o=25MPa
DIP  initial 5,5- 10°  36-107° 2,6-10° 2,1-107
irradiated 5.7-10-7
TIP  iniil 1.2-10°8 43-108 20 "; 0-7
irradiated <0.9 - 10-7
TRR initial 4.6-10%
irradiated <0.9-107  25-10-7
DRR intial 43-10-8
irradiated
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Abstract

At present, beryllium is under consideration as a main candidate material for
neutron multiplier and plasma facing material in a fusion reactor. Therefore, it is
necessary to develop the beryllium reprocessing technology for effective resource use.
And, we have proposed reprocessing technology development on irradiated beryllium
used in a fusion reactor.

The preliminary reprocessing tests were performed using un-irradiated and
irradiated beryllium.

At first, we performed beryllium separation tests using un-irradiated beryllium
specimens. Un-irradiated beryllium with beryllium oxide which is a main impurity and
some other impurities were heat-treated under chlorine gas flow diluted with Ar gas. As
the results, high purity beryllium chloride was obtained in high yield. And it appeared
that beryllium oxide and some other impurities were removed as the unreactive matter,
and the other chloride impurities were separated by the difference of sublimation
temperature on beryllium chloride.

Next, we performed some kinds of beryllium purification tests from beryllium
chloride. And, metallic beryllium could be recovered from beryllium chloride by the
reduction with dry process.

In addition, as the results of separation and purification tests using irradiated
beryllium specimens, it appeared that separation efficiency of Co-60 from beryllium was
above 96%. It is considered that about 4% Co-60 was carried from irradiated beryllium
specimen in the form of cobalt chloride. And removal efficiency of tritium from irradiated
beryllium was above 95%.

1. Introduction

At present, Beryllium is under consideration as a main candidate material for
neutron multiplier and plasma facing material in a fusion reactor. Therefore, it is
necessary to develop the beryllium reprocessing technology for effective resource use.

We have proposed reprocessing technology development on irradiated beryllium
used in a fusion reactor. Concept of beryllium reprocessing in fusion applications is
shown in Fig.1. This reprocessing process consists of beryllium separation step from
activated nuclides as the impurities in the beryllium, beryllium purification step from
recovered beryllium compounds and fabrication step of metallic beryllium. And, the
development of beryllium reprocessing technology in this study was shown in Fig.2. In
beryllium separation tests from activated nuclides, the recovery of high purity beryllium
chloride was performed using chlorine gas. And in beryllium purification tests with dry
and wet process, the reduction of beryllium chloride was performed.
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2. Experiments
2.1 Specimens

Used specimens for this reprocessing technology development were hot pressed
beryllium (disk and block) made by NGK INSULATORS, LTD. and flaky beryllium.
The results of chemical analysis on the hot pressed beryllium specimen are shown in
Table 1. The purity of the beryllium specimen was about 99 wt%. And, the main
impurity was beryllium oxide.

Irradiated beryllium specimens were used for the separation and purification tests.
These have been irradiated in JMTR with total fast neutron fluence of 4.5 x 1020 n/em?.

2.2 Procedure

The concept of beryllium separation from radioactive isotopes as the impurities in
specimen is shown in Fig.3. Used beryllium is heat treated at 450-550°C in quartz tube
under chlorine gas flow diluted with Ar gas. Beryllium chloride is generated by the
reaction of beryllium with chlorine, it is trapped and recovered. And radioactive isotopes
such as Co-60 are separated as residue, tritium chloride is also trapped and separated. In
this study, at first, beryllium separation tests using un-irradiated beryllium specimens
were performed.

And, some kinds of purification tests from beryllium chloride was performed with
wet and dry processes.

The concept of beryllium purification by wet process is shown in Fig.4. In this
process, reduction tests of beryllium chioride with two kinds of reducing agents, that is,
liquid polysilane and LiAlHzs,

The concept of beryllium purification by dry process is shown in Fig.5. In this
process, beryllium chloride was decomposed by heating above 1400°C in order to
recover metallic beryllium. The experimental apparatus for dry process on beryllium
purification is shown in Fig.6. Beryllium chloride which is reaction product with chlorine
gas was heated with a SiC filament. And, decomposed matters were trapped by filter
(quartz-wool) and recovered.

‘The experimental apparatus for beryllium separation tests using irradiated beryllium
specimen is shown in Fig.7. In this test, separation efficiency of Co-60 was decided with

the measurement of Y spectrum on irradiated beryllium specimen before treatment, residue
and recovered beryllium chloride after treatment. And removal efficiency of tritium from
irradiated beryllium specimen was measured.

And, the experimental apparatus for beryllium purification tests with dry process
using irradiated beryllium is shown in Fig.8. In this test, yield of recovered metallic
beryllium, separation efficiency of Co-60 on generated matters by decomposition of
beryllium chloride and removal efficiency of tritium from irradiated beryllium were
evaluated.

3.Results and discussion

In beryllium separation tests using un-irradiated beryllium specimens, beryllium
with beryllium oxide and some impurities were heat-treated under chlorine gas flow
diluted with Ar gas. And, powder with white fine crystal of berylljum chloride was
recovered. Recovery as beryllium chloride, that is, reaction rate of beryllium was above
99%. As the results, it appeared that high purity beryllium chloride was recovered in high
yield. Beryllium oxide and some other impurities were removed as the unreactive matter,
and the other chloride impurities were separated by the difference of sublimation
temperature from beryllium chloride.
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And in beryllium purification tests from beryllium chloride with wet process,
metallic beryllium was not recovered. From the results of X-ray diffraction, it appeared
that the matter after treatment contained beryllium oxide and residue of reducing agents.

As for the beryllium purification tests with dry process, micro particles of beryllium
were recovered by decomposition of beryllium chloride. SEM photograph of deposited
micro particle was shown in Fig.9. As shown in this figure, these particles were very
fine. And, their amount was variable. This result is presumed to be caused by instability
of contact between beryllium chloride gas and SiC filament.

In beryllium separation tests using irradiated beryllium specimens, reaction rate of
beryllium was above 99%. And, it appeared that separation efficiency of Co-60 from

beryllium was above 96% from the results of the measurement on Y spectrum, removal
efficiency of tritium from irradiated beryllium was above 95%.

In beryllium purification tests with dry process using irradiated beryllium, reaction
rate of beryllium was above 99%. And, yield of recovered metallic beryllium was not
stable. Therefore, stability of contact between beryllium chloride gas and SiC filament is
necessary. Separation efficiency of Co-60 from beryllium was above 96%, removal
efficiency of tritium from irradiated beryllium was above 99%.

4. Conclusions

We have started reprocessing technology development on irradiated beryllium used
in a fusion reactor for effective resource use. The obtained results were as follows.

- As the results of beryllium separation tests using un-irradiated beryllium specimens,
high purity beryllium chloride was obtained in high yield. Recovery as beryllium
chloride, that is, reaction rate of beryllium was above 99%. And it appeared that
beryllium oxide and some impurities were removed as the unreactive matter, and the
other chloride impurities were separated by the difference of sublimation temperature
from beryllium chloride. Additionally in the tests using irradiated beryllium specimens,
separation efficiency of Co-60 from beryllium was above 96%. It is considered that
residual about 4% Co-60 was carried from irradiated beryllium specimen in the form of
cobalt chloride. And, removal efficiency of tritium from irradiated beryllium was above

95%.

- As the results of some beryllium purification tests, metallic beryllium was recovered
from beryllium chloride by the reduction with dry process, that is, thermal
decomposition method using a SiC filament. However, yield of recovered metallic
beryllium was variable. Therefore, it is considered that the improvement for stability of
thermal decomposition is necessary. Additionally in the tests using irradiated beryllium
specimens, separation efficiency of Co-60 from beryllium was above 96%, removal
efficiency of tritium from irradiated beryllium was above 99%.
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Fig. 9 SEM photographs of deposited micro particle
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Abstract

Beryllium is expected as a neutron multiplier and plasma facing materials in the fusion
reactor, and the neutron irradiation data on properties of beryliium up to 800 °C need for the
engineering design. The acquisition of data on the fritium behavior, swelling, thermal and
mechanical properties are first priority in ITER design. Facility for the post irradiation
examination of neutron irradiated beryllium was constructed in the hot laboratory of Japan
Materials Testing Reactor to get the engineering design data mentioned above. This facility
consist of the four glove boxes, dry air supplier, tritium monitoring and removal system,
storage box of neutron irradiated samples. Beryllium handling are restricted by the amount of
tritium ;7.4 GBg/day and 60Co;7.4 MBg/day.

1. Introduction

Utilization of beryllium as a neutron multiplier and plasma facing materials was planned in
the ITER. However, data base concerning neutron irradiated beryllium is not sufficient. For
example, the effects of grain size, impurities and produced helium on neutron irradiation
behavior were not clear [1], and the data on thermal properties of neutron irradiated beryllium
are still few data. Recently, some reports [2-6] on the swelling or tritium behavior have been
presented. However, unknown factor just like as the surface effects and so on also may be still
exist. From these reasons, beryllium irradiation studies in the ITER activity continued in this
some year.

Facility for the post irradiation examination (PIE) of neutron irradiated beryllium was
constructed in the hot laboratory of Japan Materials Testing Reactor (IMTR) to get the
engineering data, and was named "Beryllium PIE facility". The most parts of this facility was
already established, and a one glove box for mechanical test will be established in October
199s5.
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2. Beryllium PIE facility

2.1 Outline

Beryllium PIE facility is established in the room of JMTR hot laboratory, and shown in
Fig. 1. This facility consists of the four glove boxes, dry air supplier, tritium monitoring and
removal system, storage box of neutron irradiated samples. Arrangements of these equipment
is shown in Fig. 2. Glove box No. 5 (GB-5) for mechanical test will be established in October
1995.

2.2 Glove box and attached facility

Ventilation system is shown in Fig. 3. When the tritium concentration of glove boxes is
low as the normal mode (V1 and V3 open, V2 and V4 close), the dry air of under 10%
humidity is supplied in the each glove box, and supplied air flows one thorough, and exhausted
by blower into the stuck. If the tritium concentration of glove boxes is very high, V1 and V3
automatically close, V2 and V4 open by the signal of tritium process monitor. The dry air flows
closed mode, and released tritium in the glove boxes is removed by tritium removal system.

Characteristics of beryllium PIE facility is shown in Table 2. Dry air supplier is shown in
Fig. 4, and consists of compressor, filter, heat-less dryer and mist separator. Mist separator is
dust trap, and heat-less dryer have two molecular sieve of alternately playback type.

Glove box system is shown in Fig. 5. Each glove boxes have temperature and pressure

monitor, and pressure is maintained by the flow balance of exhaust blower and dry air supplier.
The design value of leak rate for glove boxes is under the 0.1 vol%/h, and measured leak rate is
0.006 vol%/h.

' Tritium removal system is shown in Fig. 6. The air in glove boxes circulate by the blower
of tritium removal system. Released tritium gas is converted in water component by Pt catalyst,
and tritium water component is trapped molecular sieve of alternately playback type. Trapped
tritium is stored in drain storage for solidification. Pressure of closed mode is maintained in
under pressure (about -30 mmH20) by the pressure keeping valve. '

Storage box has 30 pits that surrounded Pb shield in the lower part storage box. Neutron
irradiated beryllium samples keep in metal O ring sealed container, and storage in pit. Tritium
getter containers are stored in the upper part of storage box.
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3. Equipments in glove box

3.1 Apparatus or tritium release

The new typed apparatus for measuring tritium release ration from neutron irradiated
beryllium with the function of pulse mode heating were developed by using the infrared ray
furnace in order to simulate the pulse mode heating of tritium breeder blanket of the fusion
reactor [7]. This apparatus was installed in the glove box No. 1, and is shown in Fig. 8. This
apparatus consists of a carrier gas supplying system, a beryllium heating system, a tritium
measuring system and a tritium removing system.

Heating system is shown in Fig. 8. The infrared ray furnace was used in beryllium
heating system because it is possible rapid heating and cooling, and is possible compact design
to install in glove box. Heat up and cool down rates were measured using beryllium disk (10
mm diameter and 1.4 mm thickness) sample and alumina crucible, and are shown in Fig. 9.
Minimum time of rapid heating up to 1015 °C is about 119 s and maximum heating rate reached
at 1000 °C/min under helium sweep gas condition. The maximum temperature is depended on
the crucible materials because of the differences for infrared ray absorption. The conversion
efficiency of the gaseous water by ceramic electrolysis cell for the tritium measurement part is
above 99.99 %. The pulse mode heating of the tritium breeder and neutron multiplier materials
of the blanket could be demonstrate by using this apparatus. Vacuum heating apparatus also
combined to tritium release, and tritium and helium measurement are possible.

3.2 Apparatus for beryllium reprocessing

Reprocessing of neutron iradiated beryllium is important on the effective utilization of
beryllium resources and decreasing of nuclear waste. Reprocessing study of neutron irradiated
beryllium started from the last year, and preliminary interesting data were obtained. These data
will be present in this work shop. Apparatus for beryllium reprocessing will be designed using
these obtained data, and will be install in glove box No. 2 on 1996.

3.3 Apparatus for thermal constant measurement

Apparatus for the thermal constant measurement with the laser flush method was installed
in the glove box No. 4, and is shown in Fig. 10. This apparatus consists of a Nd glass laser,
an electric furnace, InSb infrared ray sensor, a vacuum system and a tritium removal system.
Nd glass laser is equipped out of glove box because of maintenance, and a leaser light is led in
the glove box by the light guide fiber. Thermal constant measurement is possible under the
condition of RT.-1300 °C in vacuum ( < 1x10-7 Torr).
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3.4 Apparatus for mechanical tests

Glove box No. 5 for measuring the tensile strength, bending strength and compression
strength twill be constructed on October 1995. Then the apparatus of mechanical tests from
room temperature to 700°C under the vacuum condition ( < 1x10-3 Torr) will be installed up
to the middle of 1996.

4. Conclusion

Beryllium PIE facility was constructed in the hot laboratory of JMTR to get the
engineering data for the fusion reactor developments. This facility will contribute to the
acquisition of data on swelling, mechanical and thermal properties, tritium and helium behavior
of the neutron irradiated beryllium.
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Table 1 Maximum activity for treatment

Maximum activity

Nuclide
per day peryear
aH 7.40 GBq 670 GBq
(200mCi) (18 Ci)
10Be 5.55 kBq 505 kBq
60Co 7.40 MBq 673 MBq

Table 2 Characteristics of beryllium PIE facility

Apparatus

Function

Specifications

Dry air supplier

- Mist separator
- Heatless dryer

0.3mm85% trap
Humidity : <10%

Glove box

- Temperature and
pressure monitor

Pressure : -10~-50 mmH20
Leak rate ; <0.1vol%/h

Tritium removal

- Pt catalyst

system - Molecular sieve

Flow rate : 25m3/h
Removal efficiency : >99%

Tritium process monitor | - Nude type IC

3.7X10-2~3.7X102 Bg/cm3

Exhaust blower

- Invertor control

Flow rate : 25m3/h

Storage box

- Pb sheald

Strage ! ?OH : 670 GBq (18Ci)
capacity/ | | Be: 505 kBq
year i 60Co: 673 MBq
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Abstract

Since plasma facing components such as the first wall and the divertor for the next
step fusion reactors are exposed to high heat loads and high energy neutron flux
generated by the plasma, it is urgent to develop of plasma facing components which can
resist these.

Then, we have established electron beam heat facility ("OHBIS", Oarai Hot-cell
electron Beam Irradiating System) at a hot cell in IMTR (Japan Materials Testing Reactor)
hot laboratory in order to estimate thermal shock resistivity of plasma facing materials and
heat removal capabilities of divertor elements under steady state heating. In this facility,
irradiated plasma facing materials (beryllium, carbon based materials and so on) and
divertor elements can be treated.

This facility consists of an electron beam unit with the maximum beam power of
50kW and the vacuum vessel. The acceleration voltage and the maximum beam current
are 30KV (constant) and 1.7A, respectively. The loading time of electron beam is more
than 0.1ms. The shape of vacuum vessel is cylindrical, and the mainly dimensions are
50021m in inner diameter, 1000mm in height. The ultimate vacuum of this vessel is 1 x
10%Pa. '

At present, the facility for thermal shock test has been established in a hot cell. And
performance estimation on the electron beam is being conducted. Presently, the devices
for heat loading tests under steady state will be added to this facility.

1. Introduction

Since plasma facing components such as the first wall and the divertor for the next
step fusion reactors are exposed to high heat loads[1] and high neutron flux generated by
the plasma, it is urgent to develop plasma facing components which can resist these. In
the development of plasma facing components, it is necessary to estimate the lifetime and
the heat removal capabilities of these components which is dependent on the neutron
irradiation. The electron beam heat facility for estimation on neutron activated materials
was requested[2].

Then, electron beam heat facility ("OHBIS") have established in a hot cell in JMTR
hot laboratory in order to estimate thermal shock resistivity of plasma facing materials and
heat removal capabilities of divertor element under steady state heating. In this facility,
irradiated plasma facing materials (beryllium, carbon based materials and so on) and
divertor elements can be treated. This facility can simulate both conditions, that is, high
heat flux on plasma disruption and steady state heat flux during normal operation of
nuclear fusion reactor.
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2. New electron beam facility

Therefore, irradiated plasma facing materjals and divertor elements for testing will
be activated, heat loading tests with electron beam heat facility must be done using the
remote manipulators in a hot cell. This electron beam heat facility has been established in
a hot cell in JIMTR hot laboratory. This facility is shown schematically in Fig.1. Detailed
parameters of this facility are listed in Table 1. It consists of the electron beam unit with
the maximum beam power of S50kW and the vacuum vessel which is made of stainless
steel. The electron beam unit is placed on the vacuum vessel. The acceleration voltage and
the maximum beam current of the electron beam unit are 30kV (comstant) and 1.7A,
respectively. The loading time of electron beam is more than 0.1ms. Therefore, short
time electron beam loading for the simulation of disruption is possible. The electron beam

can be deflected with a frequency of 1kHz in X-Y direction with an amplitude of =
150mm (a rectangular shape) by deflection controller. The shape of the vacuum vessel is
cylindrical, and the mainly dimensions are 500mm in inner diameter, 1000mm in height.
The wall thickness of the vacuum vessel is 4 mm. The ultimate vacuum of this vessel is
about 1 x 10-4Pa.

At present, the facility for thermal shock test has established in a hot cell. A flange
on the side of the vacuum vessel is used for introducing the rotary table. The eleven
specimens can be placed on the rotary table in the outside of vacuum vessel using the
remote manipulators. The specimen maximum dimensions are W25mm x 925mm x
h30mm. And, the rotary table is carried to the inside with an air cylinder, to the electron
beam loading position with X-Y moving system. Electron beam is generated in a dummy
pot, and it is moved to a specimen in 0.1ms by deflection controller. After electron beam
loading to a specimen, the rotary table is rotated, and next specimen is carried to the
electron beam loading position. Therefore, continuous electron beam loading is possible.

As performance estimation on the electron beam, many calorimetric measurements
using the calorimeter with four kinds of chips (beryllium, graphite, oxygen free copper
and tungsten) are being conducted. The concept of the calorimeter is shown in Fig.2. The
chips were loaded with electron beam. And, the heat flux was calculated from the value
of elevated temperature of the chips. The value of elevated temperature was measured
with K-type thermocouple of 0.5mm in diameter. The heat flux with beam current is
shown in Fig.3. In the case of beryllium, the heat flux increased with increasing of the
beam current until 0.8A. But, when the beam current exceeded 0.8A, the heat flux
decreased with increasing of the beam current. It is considered that there was the effect of
vapor from a dummy pot on the profile of heat flux. Maximum heat flux to beryllium was

1050MW/m? at the beam current of 0.8A. On the other hand, in the case of graphite,

maximum heat flux was 700MW/m? at the beam current of 0.9A. And profile of heat flux
in X and Y directions using calorimeter chips made of beryllium and graphite are shown
in Fig.4 and Fig.5, respectively. From these results, it appeared that half width of
focused electron beam is about 3-4mm in diameter.

Presently, the devices for heat loading test under steady state will be added to this
facility. In heat loading test under steady state, actively cooled divertor elements are
inserted in a vacuum vessel. And the cone-shaped sealing are used for holding them. This
development of sealing techniques allowed the active cooling of specimens. And, the
cooling circuit is used, its flow rate of the water coolant was up to 100 Vmin with a
maximum pressure of 2MPa. The following devices will be considered for measurement
of the temperatures, released gases and so on.

- a pyrometer for point measurements of temperatures on the surface of divertor elements
- an infra-red camera system

a high speed video camera for visual monitoring of a test

a gas analysis system with a quadrupol mass spectrometer

a tritium measurement system with a ion chamber
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3. Testing items

In order to estimate the heat removal capabilities and determine the life time of
plasma facing components, heat loading tests with electron beam will be performed with
this facility. Testing items of heat loading test are thermal shock test and heat loading test
under steady state.

3.1. Thermal shock test

Samples for this test are plasma facing materials and joined component between
plasma facing materials and heat sink material. In this test, electron beam is generated in a
dummy pot. After electron beam becomes stable, it is moved to specimen in 0.1ms by
deflection controller, the specimen is loaded with electron beam for the prescribed time.

The estimation items after electron beam loading on thermal shock test are as
follows.

- weight loss of the specimen by electron beam loading
- characterization of the specimen surface after electron beam loading
- melting distance from the specimen surface by electron beam loading

Especially, from weight loss of the specimen by electron beam loading, the lifetime

of plasma facing materials is estimated.

3.2. Heat loading test steady state

Samples for this test are divertor elements. They are held in the vacuum vessel,
cooled actively with water coolant. And, in order to simulate the loading conditions in
normal operation, electron beam loading for 30s will been applied on upper surface of
divertor elements.

The estimation items after electron beam loading which is being considered are as
follows.

- heat removal capabilities of divertor elements under electron beam loading
- characterization of the specimen surface after electron beam loading

- weight loss of the specimen by electron beam loading

- deformation of the specimen by electron beam loading

- damage on joining interface of the specimen by electron beam loading

- temperature distribution on specimen surface under electron beam loading
- temperature increasing on the joining interface by electron beam loading

- gas release of tritium and other gases under electron beam loading

4. Conclusions

The electron beam heat facility ("OHBIS") has been established in a hot cell in
JMTR hot laboratory in order to estimate thermal shock resistivity of plasma facing
materials and heat removal capabilities of divertor element under steady state heating.

This facility consists of an electron beam unit with the maximum beam power of 50
kKW and the vacuum vessel. The acceleration voltage and the maximum beam current are
30kV and 1.7A, respectively. The shortest loading time is 0.1ms. This enabled the
simulation of disruptions. The current facility is for thermal shock test. From the resulis
of performance estimation on the electron beam, maximum heat flux to beryllium in the
current facility was 1050MW/m? at the beam current of 0.8A. And half width was about
3-4mm in diameter. Presently, the devices for heat loading tests under steady state will be
added to this facility.
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Table 1 Detailed parameters of OHBIS

Electron Gun | Power Densily =256W,/m2 ¥

Beam Power =50kW
Beam Potential 30kv
Beam Current =17A
Beam Shape circle

Sin wave, = 1kHz,

Beam Scanning + 150 mm in XY

Exposure Time = 01 ms
Moving Time =01 ms
Work Chamber Vacuum < 1X10™% Pa
Sample Material Beryllium, CFC etc.
Shape Cube
Dimensions = 25%25%N30 mm2

% : calculated value at ¢ Smm in dia. of E.B.

Slit {41
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The low-Z metal beryllium is considered as plasma facing material (PFM) for the ITER. It
is expected that operation temperature range of beryllium PFM will be (670 - 1070) K. While
experimental Be-sputtering data bases exist for HY, D* and He'-ions, the self-sputtering yields of Be
have only been estimated by computer simulation.

In this paper we report the experimental results on the energy and temperature dependence
of the beryllium self-sputtering yield (S°). The energy dependence of S° in the energy range (0.5 -
10.0) keV was measured at 670 K. The self-sputtering yield of Be attains its maximal value at the ion
energy of 1.5 keV, being equal to (0.32 + 0.03) at./ion. Comparison of the experimental results and
theoretical prediction shows a good agreement for energy dependence of S°. The temperature
dependence of S° in the temperature range (370-1070) K was obtained for 0.9 keV Be" - ions. The
value of S* is not changed up to 870 K. It sharply increases at the temperatures above 870 K,
attaining the value of 0.75 at./ion at 1070 K.

1. Introduction

Due to a number of technological properties and, first of all, due to a low atomic number,
beryllium and graphite materials are considered to be the main candidate for the first wall plasma
facing components (PFCS) at the physical ITER stage [5]. The experimental sputtering erosion data,
particularly, the self-sputtering yields of that candidate materials are needed to provide important
supporting information for modelling and for estimating the erosion lifetime of PFCS, determined by
the net erosion rate.

At present, the peculiarities of sputtering for different graphite varieties have been studied well
experimentally. Beryllium, however, is much less investigated. While experimental sputtering yields
exist for beryllium irradiated with hydrogen, deuterium and helium ions [1], the energy and
temperature dependence of the beryllium self-sputtering yield are only estimated using computer
simulation [2,3]. One should note that the calculated data for beryllium self-sputtering fitted with
Bohdansky formula [2] differ from a corresponding values fitted with Eckstein's [3] revised of that
formula within a factor of two. Therefore , it's very important to obtain the experimental data on
beryllium self-sputtering.

In the present work the experimental results on energy and temperature dependence of
beryllium self-sputtering yield are presented.
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2. Experimental procedure

The main difficulty of the experimental beryllium self-sputtering investigation is the problem
of Be™-ions generation. The metal beryllium was used as a charge material in the high temperature
ion source, surrounded with a liner to reduce the Be contamination of the system. However, as the
experiments have shown, beryllium actively interacts with graphite and high-melting metals (W, Mo,
Ta) at the temperature about 1500 K, which is necessary for the discharge ignition in the vapors of
beryllium. As a result, a graphite crucible in the ion source was replaced by the Be oxide crucible.
The irradiations with beryllium ions were performed in the chamber of a 180°-separation implanter.
Be*-ions were extracted from the plasma of the ion source and accelerated in the energy range of
(0.5-10) keV (without application of a breaking potential to the target area). The beryllium ion
current from the source was equal 25 mA. While working on the beryllium high temperature ion
source, the necessary safety precautions were taken. The fluence of the singly charged ions was
determined by current integrator with an accuracy of 1%. It was chosen such as to yield a collected
charge equivalent to an ion mass of about 1.5x10* kg. The temperature of the beryllium specimens
was controlled by means of a platinum-iridium thermocouple. The water cooling of the unirradiated
side of the sample was provided and Be samples during ion irradiation were in a temperature regime
between 370 K and 1070 K.

The beryllium self-sputtering yields, defined as sputtered atoms per incident ion, were obtained
by the weight change method. The loss or gain of target material due to the ion irradiation was
determined by.an ultramicrobalance with an accuracy of 10® kg. The uncertainty of the sputtering
yield data is estimated to be 10%, this resulting from the mass and current measurements.

A commercial powder-compacted beryllium of TShP-type containing 98.7 wt.% - Be, 0.9
wt.% - O, 0.2 wt.% - Fe and 0.2 wt.% other metals, C and N was used in the experiments. The Be-
targets were in form of circles with a diameter of 10”m and a thickness of about 1.5x10°m. Before
irradiation the beryllium sample surfaces were polished with diamond paste and then electrical
polishing was used. Before and after irradiation by Be*-ions beryllium surface structure was
examined in a JEOL scanning electron microscope.

3. Experimental results and discussion

The energy dependence of beryllium self-sputtering yield for the temperature of a target at the
level of 670 K is shown in Fig. 1; TRIM.SP calculated data for beryllium self-sputtering fitted with
Eckstein revised [3] Bohdansky formula [2] are also shown. The agreement between experimental
and calculated data is sufficiently suitable. This can also conclude from the Table I in which the
calculated [2,3] and measured values of beryllium self-sputtering yield as function of ion energy are
given for easer look up. The following fit parameters for self-sputtering yield calculation are used
in ref. [2] and [3]: E;’ =35 eV and E,* =23 ¢V, Q = 0.94 at.fion and Q = 0.77 at./ion, respectively.
Therefore, the comparison of the experimental and calculated data shows that the threshold energy
of Be self-sputtering is near to 23 eV. Fig. 2 shows the energy dependence of beryllium self -
sputtering yield in comparison with that for carbon [1]. Comparing the self-sputtering yield curves
for beryllium and carbon, one sees that the sputtering yields for carbon are larger than for beryllium.
As can be seen from Fig. 2, the sputtering threshold energy of beryllium is lower than for a carbon.

Roth et.al. [4] have investigated the angular dependence of Be self-sputtering at ion energy
1 keV. For normal incidence the measured in [4] self-sputtering yield (S° = 0.3 at./ion) is close to our
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result (See Table I).

The experimental self-sputtering yield of beryllium as a function of the temperature for an ion
energy of 0.9 keV is shown in Fig. 3 (curve 1). Curve 2 illustrates the calculated temperature
dependence of beryllium self-sputtering yield from the paper [1]. As seen in Fig. 3 the experimental
self-sputtering yield does not depend on surface temperature up to temperature region between 770
K and 870 K when the thermal sublimation process is expected to be dominating in the erosion yield.
At temperatures above 870 K the irradiation of beryllium with energetic Be"-ions leads to radiation
enhanced sublimation. In such a case there is typically a steep increase in the sputtering yield with
increasing of temperature. It attains the value of 0.75 at./ion at 1070 K. Extrapolation of the
experimental curve S = f{T) to the value of S°* = 1 at./ion shows that operating temperature above
1170 K for beryllium PFCs of a reactor is not safe. The comparison with corresponding data for self-
sputtering of carbon (Fig. 4) shows that "carbon catastrophe" (S°= 1 at./fion) takes place at higher
temperature of about 1500 K than "beryllium catastrophe” - T > 1170 K.

4, Conclusion

1. The experimental energy dependence of beryllium self-sputtering yield for normal incidence is in
a good agreement with Eckstein et. al. [2] calculation.

2. Below 770 K the self-sputtering yield is not changed and sharply increases at temperature above
870 K, attgining the value of 1 at/ion at temperature about 1170 K for ion energy 0.9 keV.

3. Comparison of the self-sputtering yields of beryllium and carbon shows that at temperature below
770 K for ion energy below 10 keV the values for beryllium are lower than for carbon including
sputtering threshold energy.

4. From the viewpoint of self-sputtering threshold energy and operating temperature carbon as
plasma facing material has an advantage in comparison with beryllium.
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Table I

Calculated [2,3] and measured values of Be self-sputtering

yield
E, keV SS, at./ion S5, at./ion | S8, at./ion
Bohdansky [2] | Eckstein [3]
0.1 0.16 0.078 -
0.5 043 0.232 0.22
1.0 0.50 0.260 0.30
2.0 0.56 0.253 0.32
3.0 0.43 0.263 0.27
5.0 0.34 0.227 0.23
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Energy dependence of beryllium self-sputtering yield at
temperature 670 K:

e o o -experimental points

- calculated curve [3].

Energy dependence of beryllium and carbon self-sputtering
yields:

1 - experimental (ses) and calculated [3] data for beryllium
2 - experimental data [1] for carbon

Experimental (1) and calculated (2) [1] temperature

.dependences of beryllium self-sputtering yield at ion energy

0.9 keV and 1 keV, respectively.

Temperature dependences of beryllium (curve 1) and
carbon (curve 2) [1] self-sputtering yields at ion energy

3 keV.
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GAS SWELLING AND DEUTERIUM DISTRIBUTION IN BERYLLIUM IMPLANTED
WITH DEUTERIUM IONS'

V.N.Chermikov, V.Kh.Alimov, A.P.Zakharov

Institute of Physical Chemistry of the Russian Academy of Sciences
Leninsky pr. 31, Moscow 117915, Russian Federation

ABSTRACT

An extensive TEM study of the microstructure of Be TIP-30 irradiated with 3 and 10 keV

D ions up to fluences, @, in the range from 3x1020 to 8x1021 D/m2 at temperatures, T; . = 300
K, 500 K and 700 K has been carried out. Depth distributions of deutertum in the form of
separate D atoms and D, molecules have been investigated by means of SIMS and RGA methods,
correspondingly.

D ion irradiation is accompanied by blistering and gives rise to different kind of
destructions depending mainly on the irradiation temperature. Irradiation with D jons at 300 K
leads to the formation of tiny highly pressurized D, bubbles reminiscent of He bubbles in Be.

Under 3 keV D ion irradiation D, bubbles (7, ~ 0.7nm) appear at a fluence as low as 3x10%°
D/m?. Irradiation at 500 K results in the development, along with relatively small facetted
bubbles, of larger oblate gas-filled cavities accumulating most of injected D atoms and providing
for much higher gas swelling values as compared to irradiation at 300 K. The increase of @
and/or T, to 700 K causes the further coarsening of large cavities which are transformed into
sub-suface labyrinth structures. D and He ion implantation leads to the enhanced growth of
porous microcrystalline layers of c.p.h.-BeO oxide with a microstructure which differs
considerably from that of oxide layers on electropolished surfaces of Be. Based on the analysis
of experimental data questions of deuterium reemission, thermal desorption and trapping in Be
have been discussed in detail.

1. INTRODUCTION

For beryllium as a candidate plasma-facing material for ITER (1) questions of
interaction with hydrogen isotopes are of primary importance. Deuterium and tritium
will be introduced into Be directly from plasma; besides, tritium will be generated in
the bulk as a result of nuclear reactions. It is well documented that Be has a very high
chemical affinity to oxygen and is allways covered with a thin and firm oxide film ).
Hydrogen has a very low solubility in Be (3.4) and does not chemisorb onto its surface

).

Wampler studied in (6) the retention of deuterium implanted into Be. He has
shown that under conditions of isochronal annealing implanted deuterium escaped from
specimens in two steps at high fluences and in one step at low fluences. With taking

*Work supported by the US DOE under Contract LC-8102 with SNLA.
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into account the results of his more recent investigations performed in (7) Wampler
concluded that D atoms were trapped by radiation vacancies and could be retained
inside bubbles in molecular form. A broad gas desorption maximum (around 650 K)
was attributed to the dissociation of D-V complexes and to permeation of D atoms from
gas-filled cavities, while the nature of the first desorption maximum (at about 400 K)
was less clear. Moller at al. (8) reported data on the reemission of deuterium from Be
under 10 keV D ion implantation at irradiation temperatures, Ty <920 K. At low
fluences and T;, < 720 K the reemission rate was either low or absent. But at fluences,
© ~ @, = 3x10* D/m” it demonstrated a relatively abrupt increase. Such a behavior of
reemission curves was not discussed. Recent results of Anderl at al. (9) on deuterium
transport through Be under 1 keV D ion injection pointed out that the trapping of D
atoms in a radiation modified layer played a significant role in deuterium permeation,
reemission and retention. But, up to now the information on the microstructure of Be
irradiated with hydrogen ions was very poor.

The aim of this work was the obtaining of a detailed information on the near-
surface microstructure of Be implanted with D ions at different temperatures with a
view to understand the nature of deuterium traps in Be and to follow their evolution on
the fluence increase. On this basis it was tempting to clear up peculiarities of thermal
desorption and reemission of implanted deuterium.

2. EXPERIMENTAL

TIP-30 type beryllium was used manufactured by hot isostatic pressing,*
containing about 2.2 wt.% of BeO and with the mean grain size of 20 pm (10). A
micrograph of original Be made in a transmission electron microscope (TEM) is
presented in Fig.1 which shows BeO precipitates found mainly on grain boundaries.

Conditions of D ion implantation of Be specimens studied in TEM are
summarized in Table I. The implantation was fulfilled with 3, 9 and 10 keV D ions in
a special UHV facility (11). For comparison, a few specimens were implanted with 5
keV He ions at 300 K and 500 K. After irradiation a part of specimens subjected to a
back-thinning procedure (12) was studied by TEM. Another part of implanted
specimens was used for SIMS and RGA (residual gas analysis) measurements performed
in the same UHV set up simultaneously in the course of the Ar ion sputtering of the
surface. Calibrated SIMS signal dependent on the depth was related to the concentration
of separate D atoms present in the matrix, while corrected in a certain way RGA signal
was attributed to the concentration of deuterium in molecular form (11).

The microstructure of Be was investigated in TEM EM-400T operated at 120 kV.
Deuterium content in cavities visible in TEM was determined using RGA data.
Estimations of gas pressure inside bubbles were fulfilled by employing Yurichev’
equasion of state (EOS) for hydrogen (13).
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Flgure 1. Mlcrostructure of as-recewed TIP-30 beryllium. Black spots are mostly BeO
metallurgical precipitates.

3. EXPERIMENTAL RESULTS AND DISCUSSION

D-ion implantation of Be up to ® > 2x10% D/m* leads to the blistering at all
temperatures. Typical micrographs of blisters made by TEM after irradiation with 3 keV
and 10 keV D ions are demonstrated in Fig.2.

31T, =300 K

Very small cavities are formed in Be due to D-ion implantation at T;; =300 K
which is illustrated in Fig.3. Under 3 keV D ion irradiation cavities with the mean
radius, r, of 0.7 nm appear at a fluence as low as 3x10?° D/m”. Fluence increase leads
to the growth of the mean cavity size and to the formation of microchannels. The
influence of the ion energy is less pronounced.

Concentration profiles of deuterium in atom and molecular form in Be implanted
with 3 keV D ions up to the above minimal fluence are demonstrated in Fig.4. They say
that injected D atoms are trapped in the ion stopping zone both as separate atoms and
also in molecular form. Taking into account a very low solubility of deuterium in Be
at 300 K the above cavities were assigned as D, gas-filled bubbles. The comparison of
RGA data with our TEM data made it possible to estimate the average volume density
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Table I. Conditions of D-ion implantation and post-implantation annealing of TIP-30
Be specimens studied by TEM.

D ion energy, E (keV) 3 10
Mean projected range, R, (nm) 60 150
and straggling, ¢ (nm) 13 20
Ton flux, j (D/m?s) (1.1-1.2)x10' (2.8-3.0)x10"
Fluence, ® (D/m?) 3x10% | 3x10?! | 2x10% | 4x10* 8x10?
Irradiation 300 +D +2 + + -
temperature, 500 + - + + +
Tiﬂ' (K) 700 - - + + -

') Also after annealing in vacuum at 560 K and 690 K for 10 min
%) Also after annealing in vacuum at 440 K for 10 min

Table II. Gas bubble parameters in Be implanted with 3 keV D and 5 keV He ions

Bubble parameters Fluence, ® (ion/m?)/Implantation temperature, T,  (K)
averaged over the . -
near-surface layer 3-keV D ions 5-keV He ions
3x10%/300 K | 3x10%/300 K | 3x10%/300 K | 3x10%/500 K
Radius, r, (nm) 0.7 1.1 1.0 0.8
Volume density, ¢, (m™) 4.0x10% 3.3x10% 4.0x10% 4.6x10%
Gas swelling, S (%) 0.6 1.8 1.7 1.0
Volume density of gas 140 170 - -
atoms inside bubbles,
n (at/nm®)
Innder gas pressure, 4.0 6.0 - -
p, (GPa)
Foil thickness, t; (nm) 80 60 50 65

of gas atoms inside bubbles and, using Yurichev’ EQS for hydrogen, the average inner
pressure of molecular deuterium therein (Table II). For two selected fluences the
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Figure 2. TEM image of blisters on Be after irradiation at 300 K with: (2) 3 keV D ions up to
® = 3x10% D/m? (dark field) and (b) 10 keV D ions up to @ = 2x10* D/m’ (bright field).

calculated pressures appeared to be of 4 and 6 GPa which is comparable to equilibrium
values (9 and 6 GPa, correspondingly). It is to be noted that parameters of deuterium
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bubbles are close to those of helium bubbles in Be manifesting a similarity of the
behaviour of deuterium and helium in this metal.

Concentration profiles of atomic and molecular deuterium in Be implanted with
9 keV ions at 300 K up to different fluences are shown in Fig 5 (11). Comparison of
these profiles for the lowest fluence, ® = 1.5x10%° D/m? allows to estimate a minimal
concentration of separate D atoms in the matrix sufficient for the onset of the
appearance of D, gas bubbles. It is about 1 at.% which is of the same order as a
concentration of injected He atoms necessary for the onset of He bubble formation in
different metals (14). At @ ~ 2x10* D/m’ both D, and D concentration profiles reach

their maxima (of 6.5 and 1.6 at.%, correspondingly). Under the further fluence increase
the flattening of both kindes of deuterium distributions at the above saturation levels
takes place towards the surface. In turn, TEM data give good grounds to believe that
at these concentrations of deuterium D, bubbles (even though in part) get interconnected
forming narrow channels clearly recognizable in Fig.3b and c.

It is reasonable to explain an abrupt reemission of implanted deuterium at @ ~ &,
(8) by a partial gas escape from a zone containing channels due to their touching the
outer surface being a result of this zone estension under ion Injection. At higher
fluences the reemission rate remains relativly high (more than 0.5) which is clear: in
the presence of a network of open channels thermalized D atoms escape from the metal
much more easily comparing to the case when a channel containing zone is either
detached from the surface or absent.

3.2. Annealing experiments

For low fluences Wampler observed the onset of the gas release at about 650 K
(6). According to his model implanted D atoms are trapped in vacancies forming D-V
complexes which are stable and immobile up to dissociation temperature, TP ~ 650 K
(7). We have made the following to check it. Two Be specimens were irradiated up to
@ = 3x10* D/m” and, hence, contained very small D, bubbles (F ig.3a). One of these
specimens was annealed at 560 K and the other at 690 X (somewhat lower and higher
than TP) for 10 min. At both temperatures separate D atoms and free vacancies are
highly mobile in Be matrix (7). No changes in bubble appearance were observed in a
specimen annealed at a lower temperature. That is any processes of bubble coarsening
were suppressed which was indicative of the immobilization of radiation vacancies at
Tan 2 560 K, probably, by D atoms. On the other hand, the annealing at a higher
temperature led to a considerable bubble development which is clearly noticeable when
comparing Figs.6 and 3a and was accompanied by some losts of implanted deuterium
(Fig.4). It meant the appearance in the matrix at T, < 690 K of both freely migrating
vacancies providing for bubble coarsening and mobile D atoms escaping in part out of
the specimen. All these observations say in favour of Wampler’s model on the D atom
coupling with vacancies and the formation of immobile D-V complexes which are stable
up to about 650 K.
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Figure 5. Depth distributions of deuterium in Be implanted at 300 K with 9 keV D ions up to
fluences indicated. Dotted curve in b) is a result of TRIM calculation.

Figure 6. Deuterium bubbles after irradiation at 300 K with 3 keV D ions up to @ = 3x10% D/m?
and subsequent annealing at 690 K for 10 min; on b) a grain boundary is shown.
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The major part of deuterium implanted up to high fluences is released in a first
narrow peak centered around 400 K (6,8,15). We attempted a comparison of bubble and
channel appearance in specimens implanted with 3 keV D ions at 300 K up to 3x10*
D/m? before and after annealing at 440 K for 10-min. No essential differences were
observed. It meant that during annealing any processes of bubble/channel coarsening or
rupture were of minor importance. A conclusion was made that the main reason of the

first thermal desorption maximum was a desorption of deuterium from the walls of
channels which were opened or on the verge of their opening to the surface. It explains
* some peculiarities, in particular, a narrowness of the desorption maximum in question,
agrees fairly well with the experimentaliy determined value of deuterium desorption
terhperature from a clean Be surface (450 K) () and predicts the independence of this
temperature on the D jon energy which was noticed in (6).

Thus, one can conclude, that distributions of separate D atoms in Be (Figs.4a and
5a) are made up of D atoms trapped in vacancies, absorbed on bubble walls and,
probably, bound to and within BeO metallurgical precipitates, similar to the capturing
of D atoms by AL Qs inclusions studied in (16). Also, D atoms are accumulated in the
surface oxide (see p.3.4). Long tails of D, and D concentration profiles seem to be a
result of thermal migration of D atoms into the bulk followed by trapping in
microdefects and oxide inclusions.

P

3.3. T, =500 K and 700 K

irr

The development of the microstructure at Ty, = 500 and 700 K has much in
common. An example of cavities in Be implanted with 3 keV D ions at 500 K is
presented in Fig.7. No doubts that there are D, gas bubbles. Indeed, neutron irradiation
of TIP-30 Be at the same temperatures and up to the same damage levels can not
produce such a high volume increase (10). At T;, =500 K all relatively small bubbles
are facetted; they are prisms with their axes along the hexagonal axis of the matrix. A
character of the gas porosity is strongly dependent on the grain orientation relative to
the entrance surface and is also a function of the distance to the surface. The latter
means that small and facetted bubbles are formed in a matrix layer at depths of less

than (0.4-0.5)- RP, while in a depth range (0.5-1.0) R, are developed large and oblate
cavities and channels. The latter are shown at the very beginning of their development
in Fig.7a. They are rather two- than three-dimensional and, according to our
estimations, D, pressure in them lays between 0.3 and 1.0 GPa.

3.3.1. T,, = 500 K

A series of micrographs in Fig.8 demonstrates the microstructure evolution under
D ion irradiation at 500 K with the fluence. Small facetted bubbles are mainly located
near the suface (see also Fig.7b). Large light areas are coarse, oblate and flattened-out
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cavities at a depth of R;. Their height is about 5 times less than their width.

Estimations show that the main part of impanted deuterium comes to rest in these
cavities, while the remainder resides in small separate bubbles and leaves a specimen
by outdiffusion avoiding any trapping and giving rise to a noticeable gas reemission (8).
TEM data give good grounds to relate a steep reemission increase at @ > @, to
uncovering of large and partly interconnected gas-filled cavities. With the further
fluence increase (similar to the case of D ion irradiation at 300 K) the escape of
implanted and thermalized D atoms into vacuum is facilitated considerably due to the
presence near the surface of coarse and open porosity which means a highly
desintegrated near-surface layer with a lot of paths short-circuiting the inner layers with
the outer surface. Obviously, at higher fluences the further formation and development
of bubbles will cease. One can expect, that under steady state conditions, with a
reemission rate of 1.0, a certain compromise will be attained between a degree
destructions in the near-surface layers (surface roughness) and a level of gas swelling
due to D, bubbles.

Let us return to bubbles near the surface formed as a result of radiation damage

in the presence of D atoms in the matrix. Deuterium pressure in them, calculated as D,

pressure in spherical bubbles of equivalent volume (r,= 5 nm, = 1.2 GPa), is close
to equilibrium and these bubbles are responsible for about 3% gas swelling near the
surface. If the gas inside bubbles is now assumed to be in equilibrium with D atoms in
the surrounding matrix and using the Shapovalov equation for the solubility of H, in
Be, one can estimate the minimal value of deuterium concentration in the matrix equal
to about 100 appm. A strong orientation dependence of bubble habit is, eventually, a
consequence of compressive stresses which build up near the surface due to the
presence of interstitial dislocation defects (see below).

What is the origin of a great difference in bubble appearance after D ion
implantation at 500 K and at 300 K? Seemingly, the main reason is a considerable
difference in vacancy mobility at these temperatures. In contrast to 500 K vacancies are
practically immobile in Be at room temperature (7), hence, all diffusion limited
processes of coarsening are suppressed. At the same time, Kamada et al. (17) observed
in Al, a generally accepted analog of Be, very large cavities after H ion implantation
at Ty, as low as 300 K. But this stems from the fact that vacancies in Al are highly
mobile even at room temperature (18).

At Ty, = 300 K the behavior of implanted D and He atoms in Be has much in
common which is manifested by their competition for trapping sites under condition of
simultaneous ion injection (19) and by a similarity of D, and He bubble parameters
listed in table I1.The main reason for this is, obviously, a very low solubility of both
gases in Be at 300 K: On the other hand, the increase of T,. up to 500 K does not
influence parameters of He bubbles in Be, while parameters of D, bubbles change
significantly (Table II). To our mind, this results from a higher binding energy between
vacancies and He atoms in comparison with D atoms and, probably, from a substantial
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mobility increase of D atoms at 500 K as compared to that of He atoms which remain
practically immobile (20). The role of the chemical activity of deuterium in D, bubble
nucleation and development can not be excluded (21). In particular, when compared

with the results of He ion irradiation, the formation of channels at T, = 300 K under
D ion irradiation is much more pronounced which is, probably, facilitated by deuterium
adsorbtion onto bubble walls.

3.3.2. T,, = 700 K.

A general view and detailed micrographs of the near surface microstructure of Be
implanted with 10 keV D ijons at 700 K are presented in Fig.9. Here, the thickness
values of near-surface layers with small facetted bubbles and of underlying layers with
large gas-filled cavities are higher than those in specimens irradiated with D ions of the
same energy at 500 K. Mean sizes of bubbles and cavities are also higher comparing
to those for T, = 500 K. The coalescence of large cavities leads to the development of
flattened-out and interconnected channels forming extended labyrinth structures which
differ considerably in different grains. For a fluence of 2x10** D/m? local values of the
gas swelling reach more than 50%. With the use of corresponding D, concentration
profiles for 9 keV D ions (11) the mean inner pressure of deuterium in the volume of
labyrinths can be roughly estimated as less than 50 MPa. Obviously, the main part of
implanted deuterium accumulates in labyrinth channels under consideration. At all
appearance, the interaction of labyrinth branches with the outer surface leads to the
onset of a steep reemission of accumulated gas observed in (8). The estimated stationary
concentration of deuterium buried at a temperature considered in gas-filled bubbles and
cavities in a surface layer of (0.5-1.0) pm in thickness is of the order of (0.5-1.0) at.%.

The creep rate of TIP-30 Be at 700 K is very low. So, the main mechanism of the
development of large cavities is a gas-driven free vacancy absorption which is also valid
for the irradiation at 500 K. Differences in the microstructure development and retention
/reemission kinetics of deuterium at T, = 700 K compared to 500 K are a higher
vacancy mobility and a higher solubility of deuterium in Be.

The shape of small facetted and large oblate gas cavities which are formed in Be
at T,. = 500 and 700 K strongly depends on the grain orientation relative to the surface
(Figs.7 and 9). Eventually, it seems to be a concequence of compressive stresses which
are build up near the surface of anysotropic Be due to the formation of interstitial
dislocation defects (12). The stresses may affect processes of gas cavity nucleation and
growth in an indirect way (22).

3.4. Surface Oxide

The electrpolished surface of Be is covered with a qusiamorphous layer of
hexagonal oxide BeO of 2-3 nm in thickness. Typical micrographs of an oxide film on
Be surface after D ion implantation are presented in Fig.10. Three main effects are

308




Figure 9. Deuterium bubbles and labyrinths of oblate interconnected channels after irradiation
at 700 K with 10 keV D ions up to 2x10* D/m* a) viewing field covers some grains, low
magnification; b) surface plane of the grain is close to (0001); ¢) surface plane of the grain is

nearly parallel to € axis (t; ~ 450 nm).
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displayed under D ion implantation in no dependence on the irradiation temperature.
First, the thickness of the BeO film grows considerably which points to the radiation-
enhanced oxidation. In particular, the thickness of BeO film in Fig.10 is of 40 nm. But,
with the fluence increase, at about @ < 1x10?? D/m? the film thickness saturates.
Second, the microstructure of this oxide - also hexagonal BeO - is not quasiamorphous
but microcrystalline with the average crystal size of 7 nm. Third, small cavities from
1.0 to 2.5 nm in size and with a volume density of 1x10** m™ are formed in the oxide
resulting in its free volume increase up to (2-4)%. Implantation with He ions leads to
the similar results.

In contrast to a conclusion of Langly (23) who explained the enhanced growth of
BeO film by a radiation-induced diffusion of Be atoms followed by the reaction with
oxygen on the surface, we consider this saturating process as a penetration of absorbed
O atoms deep into the near surface layer of Be due to successive impacts with energetic
D atoms throughout the ion stopping zone. Comparative analysis of relevant D atom
and D, molecule distributions (in Figs.4 and 5) says that deuterium is retained in the
surface oxide mainly in the form of separated D atoms. Cavities in BeO may be filled
with deuterium up to relatively low pressures (< 60 MPa).

4. Main Conclusions

It has been shown that the implantation of Be with 3 to 10 keV D ions in a
temperature range 300-700 K leads to the formation of deuterium-filled bubbles and
cavities. Resulting gas porosity accumulates most of the injected gas before the
reemission starts.

At T, = 300 K tiny bubbles (r, = 0.7-1.2 nm) of a high volume density (c, >
3x10* m™) are formed with the inner gas pressure values near equilibrium (= 5 GPa).
The reaching in the ion stopping zone of a total deuterium concentration of (7-8) at.%
triggers the formation of channels which extends with a fluence increase towards the
surface. The interaction of channels with the surface leads to channel opening which
gives rise to the onset of an abrupt deuterium reemission. In addition to the
accumulation of D atoms inside bubbles in the molecular form, they are adsorbed on
the walls of bubbles and channels. D atoms are trapped also in vacancies (in D-V
immobile complexes dissociating at about 650 K), within the surface oxide and by
means of bonding to and within BeO metallurgical inclusions. In the quasistationary
state under irradiation with 10 keV D ions (® > 5x10% D/m?) the total concentration
of deuterium trapped in the near-surface layer of (300-400) nm in thickness is not less
than about 8 at.%. Deuterium bubbles formed at T,, = 300 K are very reminiscent of
He bubbles formed in Be under equivalent implantation conditions.

In contrast to T;; = 300 K, D ion irradiation at 500 X and 700 K leads to the
appearance, along with relatively small bubbles, of large and oblate gas-filled cavities
and channels located within a wide depth gap at a depth of more than ITP. Labyrinths

of flattened-out wide and branching channels are developed at 700 K. Large cavities
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and channels accumulate the major part of injected deuterium and provide for much
higher values of gas-induced swelling. Their interaction with the surface gives rise to
a steep increase of the implanted gas reemission. At T;; = 700 K the total
quasistationary concentration of deuterium buried in gas bubbles and cavities over a
near-surface layer of (0.5-1.0) um in thickness reaches (0.5-1.0) at.%.

At all irradiation temperatures D ion implantation of Be gives rise to the formation

on its surface of microcrystalline (d" ~ 7 nm) layers of c.p.h.- BeO oxide. Their
thickness tends to saturate at fluences, @ < 1x10% D/m? at a level of 50 nm. Surface
oxide contains tiny cavities (r, = 1.0-2.5 nm) and curved channels. The most part of deuterium
retained in BeO layers (up to 3-4 at.%) is in the form of separate D atoms, probably, chemically
bound to O atoms.

Considering the application of Be as a first wall material in ITER an assessment seems to
be necessary of gas bubble formation in the bulk due to the neutron radiation damage in the
presence of dissolved hydrogen isotoipes originating from plasma.
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Investigation of the Jon Beryllium Surface Interaction
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The self -sputtering yield of the Be was measured. The energy dependence of the Be self -
sputtering yield agrees well with that calculated by W. Eckstein et. al. Below 770 K the self-
sputtering yield is temperature independent; at T, > 870 K it increases sharply. Hot-pressed samples
at 370 K were implanted with monoenergetic 5 keV hydrogen ions and with a stationary plasma (flux
power ~ 5 MW/m?). The investigation of hydrogen behavior in beryllium shows that at low doses
hydrogen is solved, but at doses > 5x10? m the bubbles and channels are formed. It results in
hydrogen profile shift to the surface and decrease of its concentration. The sputtering results in
further concentration decrease at doses > 10% m™.

1. Introduction

Beryllium has been considered as plasma facing material for the ITER, because its low atomic
number, thermal, mechanical and nuclear properties are suitable. It is expected that the operation
temperature range of the .first wall and diverter is (670-1070) K. In the ITER diverter physical
sputtering is one of the factors limiting its lifetime. While experimental sputtering data bases exist
for H', D* and He'-ions, the self-sputtering yields of beryllium have only been estimated by computer
simulation [1,2]. The other principal problem of the material selection for the ITER first wall and
diverter plates is the tritium inventory in them. One should note that a great number of studies was
done on the hydrogen isotope retention, diffusion, remission in the graphite materials, meanwhile the
similar experimental data on beryllium are rather scarce and contradictive. According to a' number
of studies [3,4], the concentration of graphite implanted hydrogen is about 0.4 H/C, meanwhile the
content of hydrogen in beryllium, according to the data by different authors, is essentially different:
from (0.31-0.36) D/Be [5,6] to 1.4 D/Be [7].

In this work the experimental results on the energy and temperature dependence of beryllium self-
sputtering yield and the results of the hydrogen distribution profile study at the ion energies 5-6 keV
in beryllium under high irradiation fluences (5x10%2 m? - 1.5x10% m'®) of ion and plasma fluxes at the
temperature of 370 K are presented.

2. Experimental technique

A commercial powder-compacted beryllium of TShP-type containing 98.7 wt.% - Be, 0.9
wt.% - O, 0.2 wt.% - Fe and 0.2 wt.% other metals, C and N was used in experiments. Before
irradiation the Be sample surfaces were polished with diamond paste and then electrical polishing was
used.

The irradiation of beryllium targets was performed in the chamber of a 180°- implanter. Be'-
ions were extracted from the plasma of the ion source and accelerated in the energy range of (0.5-10)
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keV (without application of a breaking potential to the target area). The beryllium self-sputtering
yields were obtained by the weighting technique. The microbalance sensitivity was 10%/kg. The
temperature dependence of self-sputtering yield was investigated using 0.9 keV Be*-ions in the
temperature range from 470 K to 1070 K.

The beryllium samples were irradiated to 5 keV monoenergetic Hl- ions in 180°-implanter and
high-power (5 MW/m?) hydrogen stationary plasma in the SAPPHIRE facility. The temperature of
the specimens was controlled by means of a thermocouple. The water cooling of the unirradiated side
of the sample was provided and the sample temperature during plasma exposition was 370 K. The
water expense was calculated and was equal 75 ml/s. The ion and plasma irradiation regimes of the
beryllium samples are given in Table I.

The H'-ion distribution profile studies were done by the methods of secondary ion mass-
spectrometry (SIMS) at the "A-DIDA" - facility and by the elastic recoil technique (ERD). The
depths of ion beam sputtered craters generated during an analysis were measured with a Sloan
Instruments Dektak profilometer. In difference from the purely-surface SIMS-analysis (under which
one needs a consequtive etching of layers by Ar*- ions), the ERD technique is not destructive one,
allowing one to register all nuclei located in the layer under the analysis thickness which determined
by the stopping power of material and by the geometry of the experiment. In our experiments the
analysing He"-ion beam with the energy 2.2 MeV in the Van-de-Graaf accelerator was incident on
the sample under study at the angle & = 15° to its surface, the recoil protons were registered with
a semiconducting detector at the angle 30° to the initial direction of He*-ions. The energy spectrum
of hydrogen recoil nuclei was registered for finding the hydrogen ion distribution profile. In order
to produce the absolute values of concentration the measurements with a standart calibration sample
having uniformly-distributed hydrogen in it were done. A thin lavsan film having the structure
CyoH;0, was used as a reference unit. Computed spectra were fitted to each experimental grazing
angle spectrum using a data processing program taking account of the energy resolution power of

the method. After irradiation and after SIMS-analysis the samples were examined in a JEOL scanning
electron microscope.

3. Experimental results and discussion
3.1. Investigation of energy dependence of beryllium self-sputtering yield

The energy dependence of beryllium self-sputtering yield at the target temperature of 670 K
is shown in Fig. 1. The self-sputtering yield attains a maximal value (S°,,, = 0.32 + 0.03 at./ion) at
the ion energy 1.5 keV, then it's monotonously reduced with the further energy rise. The computer
simulation data for Be self-sputtering [1,2] are also shown in Fig. 1. Agreement between experimental
and calculated data is quite good.

Fig. 2 shows the energy dependence of Be self -sputtering yield in comparison with that for
graphite [8]. As seen in Fig. 2, in the all investigated energy range the self-sputtering yields for
graphite are higher than for beryllium.

3.2. Investigation of the temperature dependence of beryllium self -sputtering yield

Fig. 3 illustrates the beryllium self -sputtering yield data in the temperature range from 370 K to
1070 K at ion energy 0.9 keV. As seen in Fig. 3 the self-sputtering yield is not changed up to 770
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K. At the irradiation temperature T, > 870 K it sharply increases with the temperature rise attaining
the value of 0.75 at./ion at 1070 K. The extrapolation of the curve S = f{T) to the value of §°* =
at./ion shows that operating temperature T > 1170 K for Be first wall in the reactor is not safe.
Comparing with corresponding data for self-sputtering of graphite:shows that "carbon catastrophe”
(S*=! at./ion) takes place at sufficiently higher temperature T - 1500 K due to the process of radiation
enhanced sublimation of graphite.

Curve 2 in Fig. 3 is the calculated dependence S*=f{T) of Be self-sputtering yield from paper
[8]. A comparison of the measured and calculated temperature dependence shows that the sharp
increase of sputtering yield is observed at the temperature on 100 K lower in the case of experimental
curve S*=£(T).

3.3. Hydrogen retention in beryllium

The experimental results obtained from the hydrogen distribution profile in beryllium by ERD
and SIMS methods are summarized in Table II.

The hydrogen distribution profiles for the samples No. 1 and 2 are given in Fig. 4. A reduction
in the integral concentration of implanted hydrogen (See, Table II) and a shift of the distribution
profile towards the surface with the fluence growth are rather unexpected.

The similar effect of a reduction in the accumulated hydrogen and an effect of the hydrogen
distribution profile shift towards the surface is observed under exposure of beryllium samples No. 3,
4, 5 within the stationary intense hydrogen plasma (Fig. 5) in plasma SAPPHIRE device.

Thus the received results allow one to conclude that the maximal amount of accumulated
hydrogen in Be (3.6x10%* m™) is observed under the smallest fluence under study -5x10% m which
is close to the hydrogen saturation fluence for the ions with the energy of 5 keV [6]. Hydrogen
concentration of 16 at.% in the implanted layer is obtained and it is reduced to 4 at.% with the fluence
growth to 1.5x10% m2

The comparison between the hydrogen distribution profile in the sample No. 2, measured by
SIMS (curve 3), and by ERD (curve 2) is made in Fig. 4. As seen in Fig. 4 and in Table II, a
noticeable difference in the absolute values of concentrations and in hydrogen atom distributions in
depth produced by two different techniques is observed. According to the SIMS - measurements,
the maximum hydrogen concentration of 1.25x10” m? is 18.8 times lower and its integral
concentration is about of 50 times lower than the results of the ERD-analysis (2.35x10® m™) in the

same sample (No. 2). For SIMS-method the distribution maximum (curve 3) is upon the surface, and
the whole profile is essentially narrower than the distribution profile measured by the ERD-technique
curve 2).

( Izlvesﬁgations of hydrogen profiles and the microstructure of beryllium surface after hydrogen
ion implantation give us the following picture of hydrogen behavior in beryllium.

At low fluences hydrogen is dissolved in beryllium and diffuses in the target. It follows from
the fact, that the profile width is sufficiently broader than the width of the profile calculated by TRIM
code [9]. One can estimate hydrogen diffusion coefficient assuming

D = Ax%/4t ¢))
where AX - X, - Rp, X;5, is the depth at half width of profile, R; is projected range of the ions, t is

the time of diffusion. If we taket equal to irradiation time a fluence ¢ = 5x10% m? the diffusion
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coefficient D =3x10"m?%s.

The other estimate one can obtain if assume that the equilibrium between implantation and
diffusion of hydrogen to the surface is established. Then D x grad (N) = j, where N is hydrogen
concentration. Assuming grad (N) =N__/R;, one obtains

D=jxRy/N_ )

This estimate gives D = 5x10" m?s. The both estimates are similar. But at high enough fluence the
hydrogen bubbles are formed in the implantation layer, hydrogen atoms are trapped by the bubbles
and do not diffuse out of the implantation layer. It can take place at fluence lower than 5%10% m,
then time t in estimate (1) will be lower and the value of D higher. The both estimates coincide if one
assumes that the profile broadening stops at fluence 3x10%2 m2

The same more lower diffusion coefficient follows from the experiment at low current density
(0.25 A/m®). Authors [10] observed that at fluence 10* m about 90% of implanted hydrogen is
trapped within beryllium target whereas at ¢ = 102 m only 20% of it is trapped. We believe that
at ¢ = 10*" m™ there is not equilibrium between implantation and out-diffusion. This equilibrium is
reached at $=102m?, when the diffusion front came to the surface. It means

D = R Y4t 3)

Taking Rp = 105 nm, t ¢/j = 670 s (in accordance with experiment [11], ion energy equals 10 keV),
we obtain D = 3.7x107® m%S.

Our estimates give the diffusion coefficient about three order of magnitude lower than that
obtained from film penetrating [11]. It is a result of surface layer modification during the ion
bombardment. We believe that many radiation defects created by ions work as virtual traps for
hydrogen atoms and decrease their mobility.

At some fluence ¢, the probability of hydrogen atom trapping by the bubble 4nDN,R, (N,
is bubble concentration, Ry, is bubble radius) becomes equal to that of diffusion out of the implantation
layer D/AR;®. At that condition 47xN,R,AR;? = 1 implanted hydrogen does not diffuse out of
implantation layer, the profile broadening stops, hydrogen diffused previously beyond the implantation
layer diffuses partly to the bubble and partly to the deeper layers and hydrogen concentration at the
depth higher than Ry+AR, decreases with fluence increase. The decrease of the hydrogen
concentration at x = 100 nm (the maximum of mobile hydrogen is situated near 100 nm) is described
by following

N(100 nm,t) = N(100 nm,0) x (Ax*/4Dt)*? )

One can estimate the diffusion coefficient from (4) comparing N(100nm) at fluences
$=5x10"2 m*-and $=10"2 m* Ax=x,,-100nm. We obtain by this way D = 2x10"6m?/S - the value
of the diffusion coefficient in implanted layer. It means that the defects (virtual traps) also diffuse
beyond the implanted layer.

The further fluence increase results in bubble growth and coalescence and so way channels
are created. The channels give an additional way to release of hydrogen from the target. It gives the
decrease of hydrogen concentration from 2.4x10% m™ at ¢ = 102 m™ to 1.6x10% m? at ¢ = 2.3x10%

m-.
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The following concentration decrease occurs at fluence ¢ = R;N/S (N is the number of atoms
in volume unit, S - sputtering yield), when the layer with the depth R; is sputtered. Then continuous
channels from the surface to depth about R;, are formed and hydrogen release is enhanced.

In case of the SIMS analysis, in the process of subsequent removal of layers by Ar* - ion
sputtering the bubbles and channels reach the surface and hydrogen escapes. Fig. 6 illustrates the
evolution of the microrelief of Be specimen (No.3, Table I) after hydrogen plasma exposure and
subsequent SIMS analysis (Ar*-ions sputtering). In according with depth distribution results (0.5-3)
um pores are observed on the surface. Comparison of the experimental data produced by SIMS and
ERD - techniques allows also one to make the conclusion that about 95 at.% of the trapped hydrogen
atoms is located within the bubbles and only 5 at.% of them - in a solution. The obtained results are
in qualitative agreement with the data from [S] in accordance with which hydrogen two traps are
observed in beryllium.

The hydrogen atom distribution profiles in Be (Sample No.2) are compared with those in
graphite MPG-8 Type under the same irradiation conditions in Fig. 7. A more than 10 times lower
concentration of hydrogen is retained in beryllium than in graphite. The maximum concentration
reached is 5x10%® at/m® in graphite and 2.35x10%® at/m’ in beryllium. Hydrogen depth profile
characterized by very narrow subsurface depths. As noted above such an effect can be provided by
the hydrogen out-diffusion from the Be surface layer. The ratio H/C = 0.4 and H/Be = 0.16. In
principle, these results are also in an agreement with the data from [5].

3.3. Beryllium microstructure after ions and plasma irradiation.

The scanning electron micrographs of the surface of beryllium after exposition in plasma
SAPPHIRE devices at different fluences are shown in Fig. 8. At the fluence of 2.3x10® m™ the plasma
was etching grain boundaries (Fig. 8a). The grain diameter of the beryllium specimens is found to
be 20-40 um. Significant surface damage is observed after fluence 7.7x10” m? (Fig. 8b). This
twinning defects are distributed fairly uniform over the surfaces of the grain and grain boundaries of
the specimens. At higher fluences (1.2x10** m?) cones are observed (Fig. 8c). With the further
fluence increase up to 1.5x10% m the average cone size grows up to 10 um in height. The cones
have developed from small agglomerations of BeO on the surface. This results are in agreement with
experiments by D. Mattox and D. Sharp [12].

Conclusions

1. The experimental energy dependence of beryllium self -sputtering yield for normal incidence
is in a good agreement with Eckstein et. al. calculation [1].

2. Below 770K the self-sputtering yield does not change and sharply increases at temperature

above 870 K attaining the value of 1 at./ion at 1170 K.

3. The comparison of the hydrogen profiles measured by SIMS, ERD and calculated by using
of TRIM code [7] shows as follows. At fluences ¢ < 5x10% m the hydrogen is dissolved in
beryllium and can easy to diffuse. The diffusion coefficient D = (4 £ 1)x10™® m%s. The
hydrogen bubbles are formed at fluences ¢ > 5x102 m™. The hydrogen is trapped at the
bubbles and does not leave the implantation region with the thickness Ry+AR;, The hydrogen,
previously diffused into the deeper layers, diffuses back to the bubbles and to the more deeper
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layer. Hence the hydrogen concentration at x>10"m decreases. At the fluences
$>(2+3)x10”m™ the bubbles join, form the channels, part of which has the exit to the surface.
It results in the additional way of the hydrogen release and the hydrogen concentration
decrease from N = 2.35x10® m™ to N = 1.6x10%* m®. At the fluences ¢ > 10% m™ the
sputtered layer exceed the implantation depth, the continuous channels are formed through
the implanted layer and hydrogen release increases. As a result the hydrogen concentration

decreases downto N = 8xl0 m?
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 5.

Fig. 7.

Fig. 8.

Experimental (curve 1) and calculated (curve 2) [1] energy
dependence of beryllium self-sputtering yield at temperature
670 K.

Energy dependences of Be and C self-sputtering yields:

1 - experimental (ees) and calculated [1] data for beryllium

9 - experimental data [8] for carbon

Experimental (1) and calculated (2) [8] temperature
dependences of Be self-sputtering yield at ion energy 0.9 keV
and 1 keV, respectively.

. ERD-distribution profiles of hydrogen in beryllium after

H*-ions implantation with the energy 5 keV at 370 K for two
fluences (j = 2x1020 m-2s71): 1 - 5x1022 m-%; 2 - 1023 m%

3 - SIMS-depth distribution of hydrogen for fluence 1023 m-2,
4 - TRIM computer simulation for hydrogen in beryllium,

5 - TRIM computer simulation for vacantion in beryllium.
Hydrogen depth distribution in Be after exposure in hydrogen
plasma at 370 K under heat loading about 5 MW /m?2 at the‘
fluences (j = 4x102! m-2s-1):

1- 2.3x1023 m=2 2 - 1.2x102¢ m2, 3 - 1.5x102° m=2.

. Microstructure of Be surface (sample No 3) after plasma

exposure and subsequent SIMS analysis (Ar*-ions sputtering).
Hydrogen depth distribution in Be (1) and in graphite (2) after
ion implantation with the energy 5 keV at 370 K

(0 = 1023 m2; j = 2x1020 m2 s71).

Microstructure of Be surface after irradiation by hydrogen
plasma in SAPPHIRE device at different fluences:

a - 2.3x10%3m2, b - 7.7x1023m"2, ¢ - 1.2x10%4m-2,

d, e - 1.5x1025m"2.
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Table I

Regimes of the beryllium samples irradiation with

monoenergetic H*- ion fluxes and high-power hydrogen

stationary Plasma

Sample, W, E, J, ¢, Remarks
N MW /m?2 |KeV| m2s1 m~2
Monoenergetic
1 0.15 5 |1.8x1020| 5x1022 ion
beam
Monoenergetic
2 0.15 5 | - “ - 1023 ion
beam
3 4.8 6 |4.8x1021]2.3x1023 Plasma
4 4.8 6 - “ - ]11.2x10% Plasma
5 4.8 - “ - | 15x102% Plasma
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Table II

Experimental results obtained from the hydrogen

yllium by ERD and SIMS methods

distribution profile in ber

Sample, | Method | N, N, N max.
N of H/Be| at/m? | at/m? Remarks
analysis
monoenergetic
1 ERD | 0.16 |3.6x1021| 2.2x1028 ion
beam
monoenergetic
2 ERD 0.16 }2.6x10212.35x1028 ion
beam
monoenergetic
2 SIMS | 0.014 |5.1x1019]1.25x1027 ion
beam
3 ERD 0.09 |22x1021| 1.6x1028 plasma
4 ERD 0.09 |1.7x10%21}| 1.6x1028 plasma
5 ERD 004 J1.2x10%1] 8x1027 plasma
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THERMAL DESORPTION OF DEUTERIUM IMPLANTED
INTO BERYLLIUM"

Andrey V.Markin, Vladimir N.Chernikov, Sergey Yu.Rybakov, Andrey P.Zakharov

Institute of Physical Chemistry of the Russian Academy of Sciences
Leninsky pr. 31, Moscow 117915, Russian Federation

Abstract

By means of TDS measurements it is shown that the desorption of deuterium from Be
implanted with 5 keV D ions to fluences, @, from 1x1020 D/m? to 1x1021 D/m?2 proceeds in one
high temperature stage B, while at @ > 1.2x1021D/m? one more stage A is added. The desorption
maximum A is narrow and consists of two peaks A; and A, at about 460 K and 490 K,
respectively. Peak A, is attributed to the desorption of deuterium from the walls of opened
channels formed under D ion implantation. Peak A, is a consequence of the opening of a part of
closed bubbles/channels to the outer surface. The position of maximum B shifts noticeably and
nonsteadil; on the fluence in a range from 850 to 1050 K. The origin of this maximum is the
liberation of D atoms bound at vacancy complexes discussed previously by Wampler. The
dependence of Tp,(B) on the fluence is governed by the interaction of freely migrating D atoms

with partly opened or fully closed gas cavity arrangements which are created under temperature

ramping, but differently in specimens implanted with D ions to different fluences.

1. Introduction

Beryllium is considered as a candidate plasma-facing material and neutron multiplier for the
ITER [1]. The interaction of beryllium with hydrogen is of great interest with regard to safety
requirements and fuel balance. Some codes are avziable for estimations of tritium inventory in
fision reactor components, permeation into the coolant and ejection in case of accidents [2,3].
But, all the same, there is a lack of consistent data on hydrogen solubility, diffusion and

interaction with defects which gives no grounds for reliable prognoses.

*) Work supported by the US DOE under Contract LC-8102 with SNLA
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The most complete data on energetic of hydrogen trapping in Be have been derived from the
experiments on the thermal desorption of implanted deuterium. In Ref.[4] it was shown by means
of the nuclear reaction analysis method (NRA) that after irradiation up to a fluence ® ~ 1020
D/m? the release of deuterium under conditions of isochronal annealing occurs in one stage at
about 700 K. After irradiation to @ > 1021 D/m? one more low temperature stage of the gas
release appears around 400 K. Based on the analysis of these data it was deduced that two types
of traps for D atoms, with detrapping energies, EP, of 1 and 1.8 eV, are created in Be under D ion
irradiation.

More recently, Wampler showed in [5] that the high-temperature stage of thermal desorption
is due to deuterium detrapped out of vacancies, but only at low fluences of < 2x101° D/m2. At
® > 2x1020 D/m? D, bubbles were assumed to be developed in the ion stopping zone either under
ion implantation or during post-implantation annealing. Subsequent to detrapping from vacancies
D atoms were supposed to be recaptured by D, bubbles which could explain a shift of the
maximum-of the thermal desorption rate towards higher temperatures experimentally observed in
[3].

Similar experimental results were obtained in [6] when investigating D ion implanted Be by
means of the thermal desorption spectroscopy (TDS). It was noted that at @ ~ 6x1020 D/m? the
position of the high temperature desorption maximum depended on the irradiation temperature. A
low-temperature stage of deuterium release appearing at high fluences was related in [6] to the
detrapping of implanted deuterium from inner surfaces formed, presumably, as a result of small
bubble interconnection. On the other hand, as it has been shown in [7] making use of elastic recoil
detection technique (ERD), the low-temperature thermal desorption stage was not observed at all
provided that specimens implanted up to ® = 2.8x1022 D/m? were simply exposed in vacuum for
14 hours at 300 K. Concentration profiles of deuterium remaining in these specimens next to such
an exposure and those in similar specimens subjected to the annealing at 420 K for 2 min just after
irradiation were practically identical. By the authors' opinion, a part of deuterium implanted at 300

K remained mobile and did not interact with any trapping sites.
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Having in view to get a more clear understanding of the nature of traps retaining deuterium in
Beryllium v&;e have carried out TDS measurements on Be implanted with 5 keV D ions within a
range from 1x1020 to 4x102} D/mZ. Fine structure of the thermal desorption maximum around
400 X was of special concern. Thermal desorption (TD) spectra related to D ion implanted Be
were compared with those related to Be implanted with helium ions. Changes in the
microstructure resulted from D ion implantation and post-implantation annealing of Be were

monitored by transmission and scanning electron microscope (TEM and SEM) methods.

2. Experimental

Beryllium grade TIP-30 manufactured by hot isostatic pressing with 2.2 wt.% of BeO was
used. The samples were plates polished mechanically and electrochemically and annealed in
vacuum of 10-5 Pa at 1100 K for 3 min. Making use of electron probe microanalysis it was shown
that the thickness of the oxide layer on the surface of such specimens was (4-6) nm and did not
increase significantly during further implantation and heating.

Implantation with 5 keV D ions and subsequent TDS measurements were carried out in a
special UHV system with a background pressure of 10-6 Pa. The ion flux in the beam hitting the

specimen surface within the limits of the spot of 1 mm in diameter was (1-3)x 1018 D/m?2s. New

areas on the surface of a plate-specimen were chosen for different implantation-heating runs.
Temperature ramping with the heating rate of 4 K/s was achieved by electron bombardment. For
the temperature registration and regulation' a Pt-Rh thermocouple spot-welded to Be plate-
samples was used. The gas release during heating was monitored by a calibrated quadrupole
mass-spectrometer.

The investigation of microstructure in the near-surface layers was performed by means of
TEM using a set of TIP-30 Be specimens subjected to implantations and annealings under
relevant conditions. Specimens were examined in EM 400T electron microscope operated at 120
kV. For more details the reader is refered to [8]. The surface morphology was studied optically

and by SEM.
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3. Experimental results

TD spectra of deuterium from Be implanted with 5 keV D ions up to fluences, @ , from 1x
1020 to 4x1021D/m? are shown in Fig.1. At low fluences (® < 1x1021 D/m2) deuterium escapes
from Be in a high temperature, broad desorption maximum B. When increasing @ from 1x1020 to
1x1021 D/m?2 the position of this peak, T,(B), shifts from about 850 K to 1050 K, while under
further fluence increase Tp,(B) decreases gradually.

At high fluences (@ = 2x1021 D/m2) new narrow desorption maximum, A appears at Ty, =
470 K. The latter consists, in fact, of two peaks A; and A, at T;,(A1)=460 K and T, = 490 K,
respectively (Fig.1). The above positions of peaks A , along the temperature axis do not depend
while their amplitudes depend remarkably on irradiation temperature and fluence (Fig.2). The
total population of A is of 7x1016 D/m2 at ®=2x102! D/m2 and of 1x102! D/m2 when @ is
doubled. In contrast to [7] both the shape and the amplitude of peaks A}, are the same in -
specimens investigated both just after implantation and after post-implantation exposure at a room

temperatufe for as long as 20 hs (before TDS measurements).

As it was shown by SEM, a smooth surface of specimens implanted up to ®=(1-3)x1020
D/m? remained unchanged after heating up to 1100 K. In case of specimens implanted up to ® >
1x1021 D/m? their further heating to 2900 X resulted in the appearance on their surface of small
dark holes of (0.1-0.3) pum in size. D ion implantation at 300 K to ® > 2x1021 D/m? led to
blistering with blister diameters in a range (0.6-1.5) um.

Specimens implanted with 3 keV D ion.s up to 3x102! D/m? were analyzed in TEM before
and after post-implantation annealing at 440 K for 10 min [8]. It was shown that the ion
implantation alone led to the formation of tiny D, bubbles (1, ~ 1.1 nm; ¢, > 3x1024 m-3) which
were, even though in part, interconnected, forming narrow channels. Bubbles and channels with
the same parameters and similar channels were also found in implanted specimens after annealing
at 440 K.

TD spectra of helium from Be implanted with 8 keV He ions up to fluences in a range from
1x1020 to 4x1021 D/m? are shown in Fig.3. Helium desorption is absent after implantation to 1x

1020 D/m? in the whole range of annealing temperature (up to 1100 K). In specimens implanted
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up to @ = 1x1021 D/m? it originates only at > 900 K. At ® > 2x102! D/m? TD spectra consist of
two broad maxima. The population of the first maximum, around 420 K, is about 5 %. Starting
from 680 K to 1100 X about 50 % of implanted helium escapes in the second desorption stage,
while the another 50 % is shared between a fraction which is reemitted and that remains in the
specimen.

It's appropriate to note that the changes in the surface morphology of Be specimens
implanted with He ions due to post-implantation temperature ramping are similar to those

described for specimens implanted with D ions.

4. Discussion
In general two stages of deuterium release from the D ion implanted B;e observed in the
present study are in agreement with both TDS data of Moller et al. [6] and data reported by
Wampler in [4]. We‘have succeeded in showing that the low temperature desorption maximum A
consists, actually, of two narrow peaks A and A, and followed their evolution with ® and Tig.
Below, making use of our TEM/SEM data and recent results on theé microstructure of D
implanted Be reported in [8], we discuss changes in the shape and position of both main
desorption maxima A and B.
Let us note that differences in the values of desorption temperatures Tpy(A1) and Tp(B) cited

in [4-8] and the present work are explained by using different annealing procedures.

4.1. Desorption maximum A

The comparison of the microstructure of Be specimens implanted with 3 keV D ionsup to @
= 3x1021 D/m? before and after post-implantation annealing at 440 K for 10 min shows that this
annealing does not introduce any new defects noticeable by TEM and does not alter the
appearance of existing bubbles/channels. In [8] it was taken as an argument to consider the escape
of deuterium in the desorption maximum A as D, desorption from the walls of a network channels

opened to the outer surface. In the following, based on our precise TDS data, we show that after

336




implantation to fluences in a range from 1x102! to >4x102! D/m2, where splitting of the

maximum A occurs, the above assumption made in [8] is not quite exhaustive.

4.1.1. Peak A,
The fluence ® = 1.2x102! D/m?2 at which peak A, (right shoulder of maximum A) appears

first (Fig.2b) correlates well with a fluence at which, according to [8], a zone of interconnected
but still closed gas bubbles (that is inner channels) originates within the ion stopping range. It is
appropriate to note that under similar irradiation conditions up to the above fluence the authors of
[6] did not register any signs of deuterium reemission. Let us remind that the onset of reemission
is attributed to the opening (rupture) of pressurized D, bubbles/channels due to their further
development under ion irradiation as a result of a successive pressure increase therein which leads,
eventually, to their interaction with the outer surface [8]. Obviously, bubble/closed channel
arrangements in Be implanted at 300 K to ¥ = 1.2x102! D/m? are on the verge of their
mechanical stability. Under conditions of a subsequent temperature ramping this stability can be
failed (through partial opening of those defects to the surface) followed by some gas evolution in
the peak A;. So, in a way, a medium heating of an implanted Be specimen is equivalent to an
additional D ion implantation at a lower temperature. The interchangeability (in certain limits) of
fluence and post-implantation heat treatment is not surprising when dealing with inert gases. In
[9] it was noted in relation to He bubble development within the He ion stopping range of f.c.c.
Cu and Ni. |

Near equilibrium D, filled bubbles with the mean radius, ry,, of 1 nm produced in Be by D ion
implantation at 300 K are characterized by the inner pressure of 6 GPa [8]. The heating up to
about 500 K will lead, according to EOS for H, [10], to the increase of the gas pressure therein
by as low as some percent. It's doubtful that such a pressure rise could be the main reason of the
opening of gas-filled bubbles when reaching a temperature T,(A;) < 500 K. To our mind, the
conclusion made in [S] on the absence of D atoms chemisorbed onto walls of D, bubbles in Be
seems to be not quite correct. Actually, the process of deuterium bubble development includes a

non-equilibrium stage of D atom expulsion from the matrix onto the wall surface of a gas bubble.
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Having in mind the value of the experimentally measured desorption temperature, Tq, of Hy from
a clean Be surface which is about 450 K [11], one cannot exclude the presence of chemisorbed D

atoms onto the walls of gas cavities in question. The existence of chemisorbed D atoms is in

accord with the fact that a considerable concentration of separate D atoms is always available
within the ion stopping zone of D ion implanted Be [8]. Thus, one more source of the pressure
fise inside D, bubbles due to heating up to T > T4 and, namely, deuterium desorbing from the
bubble walls has to be considered. With taking it into account a rough estimation related to the
same D, bubbles (rp = 1 nm) under the same heating conditions shows that the pressure increase
therein will be of tens percent, which seems to be enough for bubble opening.

The independence of Tpp(A,) on both @ and Tj;, (Fig.2), in other words, a strict difference
between Tp(Ay) and T4 equal to (40-50) K makes us sure that the desorption of deuterium from
the bubble/closed channel walls during temperature ramping is a main reason for the subsequent
bubble/channel rupture followed by a partial deuterium escape in the peak Aj. Obviously,
corresponding changes in the microstructure are very small, and only the application of special

TEM techniques can make them visible.

4.1.2. Peak A4

An excellent correlation between T4 = 450 K [11] and T,(A;) = 460 K (Fig.1,2) together
with our data on the microstructure of D ion implanted Be both before and after annealing at 440
K lead to an obvious conclusion on the nature of the peak A;. It relates to the direct desorption of
deuterium into vacuum from the walls of bubbles and channels which have been opened in the
course of the preceding ion implantation. .

The ratio of the peak A; population to that of peak Ay (P}/P,) grows rapidly with the fluence
(Figs.1,2). It says that under ion implantation in a relevant fluence range the degree of bubble and
channel interconnection increases considerably, creating within the ion stopping range a dense
network of fine open paths which provide for a growing reemission rate and are characterized by
a large surface area suitable for adsorption of a large amount of D atoms expelled from the matrix

of Be.

338




The fact that under the increase of the irradiation temperature from 360 K to 440 K at
constant ® = 2x102! D/m? the ratio P1/P, decreases to zero says apriori that D ion implantation
at 440 X does not create open cavity arrangements, while forming closed gas-filled cavities which
get opened because of the pressure rise at about Tp,(A,) (see p.4.1.1). TEM data in [8] on the
appearance and depth distribution of D, cavities in Be implanted with D ions at 500 K are in favor
of this proposal.

With regard to deuterium escape from Be at 300 K [7] (see Introduction) one has to
emphasize that in the present work we failed to reproduce it. It seems to be natural. Using the
frequency factor in the equation for the desorption rate from [11] one can show that chemisorbed
deuterium remains on the surface of Be for as long as more than about one month. A possible
explanation of a result reported in [7] is isotope exchange of chemisorbed deuterium with water

vapor as a major component of vacuum vessel atmosphere.

4.1.3. Comparison of deuterium and helium desorption spectra

As it was noticed in [8], parameters of D, bubbles and conditions of their appearance in Be at
300 K are very reminiscent to those of He bubbles. In the frames of the present work the TD
spectra of implanted He were shown to resemble those of implanted deuterium (Fig.3). In more
detail helium desorption spectra will be discussed elsewhere. For the present, let us note only that
the nature of the first low temperature desorption maximum of helium seems to be the same as
that of the deuterium desorption maximum A: If so, the absence of any splitting of it looks quite
natural in the absence of adsorption of inert gases onto the metal surface. Then further, with a
high degree of confidence the first helium desorption maximum can be considered as an analog of

the peak A, in TD spectra of deuterium.

4.2. Desorption maximum B
wel
Wampler in [S] and Chernikov et al. in [8] have brougﬁt"argumentsythat the desorption

maximum of deuterium from D ion implanted Be at T;,(B) around 900 K was attributed to the

dissociation of vacancy clusters incorporating D atoms. It means that at T > 900 K the
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concentration of free D atoms in Be matrix increases considerably. But the outgassing of a
specimen is retarded due to recapturing of migrating D atoms by D, bubbles, from which
deuterium has to redissolute before escaping out of the sample. The latter process depends on the
gas pressure inside bubbles or their mean size provided the pressure in these bubbles is
equilibrated by the surface tension. It means that at given temperature capturing is stronger in
larger bubbles.

So, the position of maximum B, Tp,(B), is determined by the volume density of gas-filled
cavities, their size and the integrity of the cavity containing. layer adjacent to the surface.
According to conclusion made in Ref,[8] the formation of D, bubbles which appears at @ = (1-2)
%1020 D/m? is very reminiscent of the formation of the He bubbles in Be. On the other hand, the
volume density of helium bubbles which are formed in metals during post-implantation annealing
is proportional to the implanted gas content [12]. With taking these remarks into account one can
suggest the following explanations to the shifts of Tp,(B) as a function of the fluence.

The-increase of the fluence in the interval 1x1020 < @ < 1x102! D/m? leads under the
temperature ramping to the increase of both the volume density of D, bubbles and their mean
radius (the latter implies a pressure decrease therein). It is clear also that the coarsening of
bubbles during heating will proceed more intensive in specimens irradiated to higher fluences
compared to those irradiated to lower ones. At the same time it will not cause yet any
disintegrations in the surface layer. All this can explain the shift of Tp,(B) from 850 up to #1050 K
in the fluence range considered (Fig.1). |

At ® > 1x102! D/m2 channels extending to the outer surface and their further gradual
coarsening under temperature ramping open the additional way for the outgassing of implanted
specimens. Besides, such an evolution of the near surface microstructure is accompanied by the
build up of new opened surfaces suitable for the recombination of D atoms which additionally

accelerates the desorption D, molecules into vacuum. The resulting disintegrations can not be
cured under heating which is evident from our SEM data (dark holes). Obviously, the higher the

fluence the higher is the degree of disintegrations in the near surface layers. The latter seems to be
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the main reason for the shift T;,(B) to lower temperatures with the fluence increase in a range ®
>1x1021 D/m2.

Moller et al. [6] studying Be specimens implanted with 1 keV D ions up to ® < 1x1021D/m?2
at T = 300, 520 and 720 K have shown that the desorption of implanted deuterium from them
occurs in one stage at Tp,(B) in a range from 680 to 850 K increasing with the increase of Tj.
The presence of only one desorption maximum results from a relatively low fluence and,
eventually, manifests the absence of the open porosity. The growth of T,(B) with Tj, is related
to both the different appearance of corresponding arrangements of closed cavities in specimens
considered [8], and decreasing amounts of gas accumulated in them at higher Tj, due to

progressing reemission [6].

5. Summary

1. Thermal desorption of deuterium from Be implanted with 5 keV D ions proceeds in
one stage ‘at fluences, @, from 1x1020 D/m2 to 1x1021 D/m2 and in two stages at @ > 1.2x1021
D/m2.

2. The low temperature desorption maximum A is relatively narrow and consists of two
peaks A; and A, at Trp(A) =460 K and Ty (Ay) = 490 K, respectively. Their positions along the
temperature axis do not depend, while their amplitude depend remarkably on irradiation
temperature and ion fluence.

3. The high temperature desorption rﬁaximurm B, shifts noticeably and nonsteadily on the
fluence in a range from 850 to 1050 K.

4. It was shown that, the largest at high fluences, peak A; is attributed to the desorption
of deuterium from the walls of the dense network of thin and opened channels. An additional peak
A, originates as a consequence of uncovering of closed bubbles/channels in the very vicinity of the
outer surface and/or into the volume of neiboughring channels opened to the surface. The driving
force of this process seems to be the pressure rise inside closed microvolumes due to deuterium
desorption from their walls occurring at Tp,(Ay) > T4 = 450 K (the desorption temperature of

deuterium from Be surface [11]).
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5. The origin of desorption maximum B at T,(B) = (950+50) K is the liberation of D
atoms bound at lower temperatures at immobile and stable vacancy complexes proposed by
Wampler in [5]. Shift of T,(B) versus fluence to higher temperatures is due to the retarding of

freely migrating in the matrix D atoms within the volume of closed cavities which are transformed

at temperature ramping differently in specimens implanted with D ions to different fluences. The
development of disintegrations in the near-surface layers under further fluence increase is a main

reason for the reverse shift of T,(B).
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Figure captions

Fig.1. Thermal desorption spectra of deuterium from TIP-30 Be implanted with 5 keV D ions
at 300 K.
Fig.2. Fine structure of low temperature desorption maximum vs irradiation temperature,

Tjpr, and ion fluence, . -

Fig.3. Thermal desorption spectra of helium from TIP-30 Be implanted with 8 keV He ions at
300 XK.
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ABSTRACT

The properties of tritium and helium behavior in irradiated beryllium are reviewed, along
with the therimal-mechanical properties needed for ITER design analysis. Correlations are
developed to describe the performance of beryllium in a fusion reactor environment. While
this paper focuses on the use of beryllium as a plasma-facing component (PFC) material,
the correlations presented here can also be used to describe the performance of beryllium
as a neutron multiplier for a tritium breeding blanket.

The performance properties for beryllium are subdivided into two categories: properties
which do not change with irradiation damage to the bulk of the material; and properties
which are degraded by neutron irradiation. The irradiation-independent properties
described within are: thermal conductivity, specific heat capacity, thermal expansion, and
elastic constants. Irradiation-dependent properties include: yield strength, ultimate tensile
strength, plastic tangent modulus, uniform and total temsile elongation, thermal and
irradiation-induced creep strength, He-induced swelling and tritium retention/release.

The approach taken in developing properties correlations is to describe the behavior of
dense, pressed S-65 beryllium -- the material chosen for ITER PFC application -- as a
function of temperature. As there are essentially no data on the performance of porous
and/or irradiated S-65 beryllium, the degradation of properties with as-fabricated porosity
and irradiation are determined from the broad data base on S-200F, as well as other types
and grades, and applied to S-65 beryllium by scaling factors. The resulting correlations can
be used for Be produced by vacuum hot pressing (VHP) and cold-pressing(CP)/sintering(S)/

hot-isostatic-pressing(HIP). The performance of plasma-sprayed beryllium is discussed but
not quantified.

1. Introduction
Beryllium is being considered as a plasma-facing component (PFC) material for ITER. The

specific type of beryllium chosen for the PFC application is S-65 beryllium, which is
characterized by < 1 wt.% BeO content, < 1800 wppm (Al+Mg+Si) content, and < 20 pm

"Work supported by the Office of Fusion Energy, U. S. Department of Energy under
Contract W-31-109-Eng-38.
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grain size. The product is made by Brush Wellman by both vacuum hot-pressing (VHP) and
cold-pressing (CP)/sintering (S)/hot-isostatic-pressing (HIP). The designation "B" or "C"
which follows the label S-65 refers to Brush Wellman internal quality control specifications
and has no significance with regard to properties of the final product.! The product form
for the PFC application will probably be VHP or CP/S/HIP tiles which are about 5-mm
thick. Plasma-sprayed Be is also being considered for fabrication. In either case, it is
planned to use plasma-spray techniques to repair sputtered Be layers in sitw. Thus, the
properties of both pressed and plasma-sprayed Be are of interest.

There are essentially no data available on porous and/or irradiated S-65 Be in either the
pressed or plasma-sprayed product form. The material has been irradiated in European test
programs, but the samples have not yet been analyzed. However, there is a large fission
reactor data base for dense and porous S-200F Be, which allows a higher maximum BeO
content (1.5 wt.%). In practice there is some overlap between S-200F and S-65 Be in that
the actual BeO content of a particular lot of S-200F may be as low as 0.9 wt.% BeO.
Because of this similarity and because of the absence of irradiation data for S-65 Be, the

irradiation behavior of S-200F, as well as other grades of Be, is used to predict the behavior
of S-65 Be.

Based on the anticipated ITER operating conditions for a lifetime fluence of 1 MWea/m?,
the operating ranges for the PFC Be are: 100 < T < 600°C, < 3000 appm He, < 60 appm
tritium, and < 7 dpa. The He, tritium and neutron damage levels all scale with first-wall
fluence if higher design lifetimes (e.g., 3 MW-a/m2) are desired. Because the He/dpa ratio
for Be is so much higher than for other first-wall metals, the He content and distribution
in Be tends to determine swelling and mechanical performance. Thus, swelling and
mechanical performance parameters are correlated to He content in this work, as opposed
to the traditional approach of correlating to neutron damage in dpa for steels, copper alloys,
and vanadium alloys.

The correlations presented here for thermal-mechanical performance parameters apply to
pressed (both VHP and CP/S/HIP) Be. The properties are correlated to as-fabricated (p)
and He-generated (AV/V,) porosity fraction, temperature (T in K) and He content (Cy, in
appm). It is very difficult to characterized plasma-sprayed Be because of the wide ranges
of porosity content and distribution, grain and particle sizes, shapes and distributions, and
post-spray heat treatments. The designer should be aware of the fact that the
plasma-sprayed layer of Be which replaces the sputtered layer will have significantly
different properties than the original layer. Also, any heat treatment used in the tile-repair
may affect the properties of the base metal if the temperature is high enough (e.g., >
600°C).

The thermal properties presented in this work are thermal conductivity (k in W/m «K),
specific heat capacity (C, in kJ/kg +K), and thermal expansion (AL/L, in %). These
properties are relatively independent of the particular grade of Be. Also, with the exception
of possible He-induced swelling effects on conductivity, they are considered to be
independent of irradiation. Mechanical properties considered are Young’s modulus (E in
GPa), Poisson’s ratio (p), yield strength (S, in MPa), plastic tangent modulus (E, in Gpa),
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ultimate tensile strength (S,, in Mpa), uniform elongation (UE in %), total elongation (TE
in %), thermal creep (e.™), irradiation creep (e)) and He-induced swelling (AV/V,, in %).
Tritium retention performance is also summarized. The elastic constants (E and p) are
considered to be independent of irradiation, while the remaining parameters are assumed
to vary according to the accumulated He concentration. There are three survey-type
references used for developing the recommended correlations: Billone, et al.,? Billone, Dalle
Donne and Macaulay-Newcombe,” and Barabash.* Primary sources are referred to in the
cases of newer data or to resolve conflicting viewpoints in the three survey references.

2. Irradiation-Independent Properties

The following properties are considered to be independent of irradiation as far as neutron
damage to the material bulk is concerned. For those properties which depend on porosity
(p), either as-fabricated or He-induced, a porosity dependent term is included in the
correlation.

2.1  Thermal Properties

The thermal conductivity, specific heat capacity and thermal expansion recommendea by
‘Billone, et al.? for Be are: :

k = 291f,(1-1.650x107°T + 1.464x1075T? - 5.125x107°7%) 1)
where £, = (1-p) (1+3.7p%)" (12)

C, = 2.432(1+2.643x107T-2.924x107T?) )
and

AL _ g43x 1074(1+1.36 x 1073 T-3.53 x 1077 T?)(T-298) 3)

o

The thermal conductivity correlation is based.on data up to 700°C. The data are relatively
insensitive to the specific type or grade of Be. Although the S-65 data>S were not used to
develop the correlation, the correlation matches the data to within 0.6% on the average
between room temperature and 700°C. Extrapolation beyond the data base should give
reasonable results. Use of the correlation for ITER design analysis involves interpolation
within the data set. The heat capacity correlation is based on data up to the melting
temperature of Be and applies to all types and grades of Be. It matches the specific data
set>S for S-65 Be to within 2% which is also well within experimental error. Similarly, the
thermal expansion correlation is based on data up to the melting temperature of Be. It
matches the specific data set>® for S-65 Be to within 0.7%.
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2.2 FElastic Constants

There are two basic experimental techniques for determining Young’s modulus and Poisson’s
ratio: dynamic techniques involving either sonic or vibration methods or static techniques
based on tensile stress-strain data. The dynamic techniques give a more accurate
measurement of the elastic constants, which should be dependent on the strength of
interatomic bonds and relatively insensitive to impurities and fabrication techniques. Also,
based on dynamic determinations of Young’s moduli for a large number of metals, the
decrease with temperature is generally < 25% from room temperature up to the melting
temperature. Static (really slow strain rate) tensile-tests suffer from a precision/calibration
problem at the very low elastic strains. Also, as temperature increases, the apparent
Young’s modulus determined from tensile tests decreases quite rapidly with temperature,
possibly due to other deformation mechanisms (e.g., creep). The tensile-test results can be
as much as an order of magnitude low as compared to the true Young’s modulus. This
perhaps explains the wide variation in reported Young’s modulus values with BeO content,
microstructure and strain rate. Figure 1 shows the dynamic data,> the recommended
correlations and the static S-65 data® for very dense Be.

The recommended correlations for Young’s modulus (E in GPa) and Poisson’s ratio (g) are:

E

300exp(-4.574p)[1-2.016 x 10™4(T-293)] “)

g

0.08 = 0.02 ()

=
I

The porosity dependence is based on the large number of data points for VHP and
CP/S/HIP S-200 Be with as-fabricated porosities in the range of 0 to 0.3 (30%) at 20°C and
370°C. It can also be used to describe the effects of He-induced swelling on the Young’s
modulus.

3. Irradiation-Dependent Properties
3.1 Tensile Yield Strength

Tensile yield strength (i.e., stress at 0.2% plastic strain) data have been reviewed for
unirradiated, dense, powder-metallurgy- produced S-65 Be®, S-200E Be>$, S-200F Be” and
various grades of Be containing < 2 wt.% BeO®°. Figure 2 shows the comparison between
the recommended correlation for S-65 Be, the data for S-65 Be and the data for all grades
of S-200 Be. The correlation which was obtained by fitting the S-65 data is:

Sy = 272f[1-7.675x10™4(T-293)-3.393 x1077(T-293)?] (6)

where  f, = exp(-3.23p) based on HP and CP/S/HIP data for S-200F Be.23
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Figure 1. Comparison of the recommended correlation and the dynamic data (all
grades) and static data (S-65) for the Young’s modulus of dense beryllium.

In terms of irradiation effects on yield stress, most stress/strain tests on irradiated material
have been conducted in compression because of the low tensile ductility of irradiated Be.
The increase in compressive yield stress with He content is characterized for these tests and
used to scale the tensile yield behavior. For S-200 Be irradiated in EBR-II at about 470°C
and postirradiation tested at 450°C, the compressive yield strength increased from about
180 MPa to 294 MPa.!® The irradiated samples contained about 1600 appm He. Assuming
a square-root dependence of yield strength on He content to get the saturation of hardness
with irradiation which has been observed gives:

8,08, = 1+1.6x107%(Cp,)*? (62)

yco

In the absence of well-characterized tensile data on Be irradiated and tested at the same
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Figure 2. Recommended correlation and data for the tensile yield strength of
unirradiated, dense, pressed S-65 and S-200 grades of Be.

temperature, it is assumed that Eq. 6a holds for tension as well as compression and that the
irradiation effect is temperature independent up to the ITER-relevant temperature limit of

600°C. The recommended correlation for the irradiation effects on tensile yield strength
is

Sy = [1+1.6x1072(C, 318, (6b)

It should be mentioned that annealing of the irradiated samples in Ref 10 at 900°C and

then testing at 500°C reduced the compressive yield strength down to levels of 100 -
200 Mpa. Thus, the irradiation effects on yield strength are somewhat reversible.

Also, irradiation and testing at lower temperatures (20 - 100°C) will most likely generate
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higher yield strength values than would be calculated by Eq. 6b. Based on the work of
Beeston et al.,'! the compressive yield strength of 97%-dense CIP/S/HIP Be was 216 MPa
before irradiation and 930 MPa after irradiation at 75°C to 872 appm He. This gives an
irradiated-to-unirradiated ratio of 4.3, while Eq. 6a gives a ratio of only 1.5. However, Eq.
6b is still recommended for ITER design analysis because the tests were conducted at a
temperature characteristic of the average-to-maximum range for ITER PFC Be and the He
content corresponds to about 0.5 MW-a/m?

3.2  Ultimate Tensile Strength

The treatment of the ultimate temsile strength (S,) parallels that of the tensile yield
strength. The references are also the same. The recommended correlation for unirradiated
S-65 Be is

S = 438fp[1 -8.9x1079T-293) -3.83 x 1075(T-293)?+3.7x 107 (T-293)*] (7)

where f,= exp (-4.733 p) based on room-temperature data for VHP and CIP/S S-200F Be.
Figure 3 shows the comparison of Eq. 7 and the S-65 data, as well as various lots of S-200
Be. Notice that S-65 Be tends to have higher ultimate tensile strength values for T <
400°C, but the strength of S-65 Be is comparable to the S-200 grades at > 400°C.

For the EBR-Il-irradiated S-200F Be, the ultimate compressive strength increased from
about 250 MPa for unirradiated material at 450°C to an average of 340 MPa for material
irradiated at about 470°C to an average of 1600 appm and tested at 450°C. The irradiation
effects on ultimate compressive, as well as tensile, strength are assumed to be

S, = [1+9.0x107%(Cy)*%]S,, (72)
and
S,. = [1+9.0x107%(Cy, %18, (7b)

Annealing at 900°C for 1 hour reduced the S, values for the irradiated samples to those
of the unirradiated samples.

Low temperature ATR irradiation of S-200F Be to 872 appm He increased the room-
temperature S, values from 310 MPa to 982 MPa. This factor of 3.2 increase is higher than
the value of 1.3 predicted by Eq. 7a, again indicating a temperature effect on the irradiation
hardening. Until this temperature effect is characterized over a wider range of
temperatures, Eq. 7b is recommended for ITER design analysis because the data set on
which the equation is based is closer to the anticipated operating conditions for PFC Be.

While engineering values of yield strength for Be are within the scatter of the data for both
tension and compression, the engineering ultimate strength is often lower in tension than
in compression. The specimen in the tensile test undergoes thinning and necking prior to
cracking, while the compressive specimen undergoes "barreling” prior to cracking. If the
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Figure 3. Recommended correlation and data for the ultimate tensile strength of

unirradiated, dense S-65 beryllium. The data for various grades of S-200 Be are also
shown.

tension and compression data are converted to true stress-strain values, then the plastic
behavior of Be is essentially the same in tension and compression. The apparent difference
in behavior based on graphs of engineering stress-strain is primarily a geometric, and not
a material, effect. This is important in defining a plastic tangent modulus for bi-linear
modeling, which is done in the next section.

3.3 Plastic Tangent Modulus

A bi-linear representation of the engineering stress-strain behavior is recommended for
ITER design analysis. In the elastic regime, the uniaxial stress (s)-strain (e) behavior is
given by: e = s/E. In the bi-linear representation, this equation is used for s < S,. For
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s > S, the constitutive equation for the bi-linear model is: e = S/E + (s - S,)/F,, where E;
is the plastic tangent modulus. With E given by Eq. 4 and S, given by Egs. 6 and 6b, it
remains to specify E,.

Beeston'? has published some engineering tensile stress-strain curves for unirradiated, dense
VHP S-200 Be. Approximate values of the tangent modulus in the plastic strain range of
0.2 to 0.7% are 7 GPa at 20°C, 4.4 GPa at 427°C, 2.9 GPa at 538°C and about 0 at 826°C.
An approximate linear fit to these data is:

E,, = 7.0[1-1.0x10%(T-293)] (8)

For similar material irradiated in EBR-II at about 470°C to about 1600 appm He, the post-
irradiation tangent modulus between 0.2% and 0.4% compressive strain was 26 GPa for a
test temperature of 450°C and 15 GPa for a test temperature of 550°C. Thus, a crude
approximation for the tangent modulus as a function of temperature and He content is

E, = 7.0[1+0.41(Cp,**|[1-1.0x107(7-293)] )

3.4 Tensile Ductility

It is very difficult to find uniform elongation data for beryllium. Generally, total elongation
is quoted in the literature. Sometimes, total elongation, uniform elongation and uniform
ductility are used as interchangeable terms, and it is not clear what data are being
presented. It is assumed in this review, that, unless otherwise specified, all data refer to
total elongation. The tensile ductility (euo) of unirradiated S-65 Be>® can be correlated to
temperature and as-fabricated porosity according to:

E,, = (42:12%)exp(-8.0p)[1-2.0384x107(T-293) +2.7244x107(T-293)* (1)
-3.836x1077(T-293)°]

where the porosity dependence is based on data for S-200 Be.

Although no data are available for irradiated S-65 Be, the tensile ductility of S-200 Be drops
to about 0.2% after modest irradiation in a fission reactor, while the compressive ductility
decreases to about 0.6%. Beeston, et al.}* report an average compressive uniform elongation
of 0.4% for S-200 Be irradiated in EBR-II at about 470°C to about 1600 appm He and
post-irradiation tested at 450°C and 550°C. The unirradiated compressive ductility for these
samples was about 30%. This value decreased to 14% for samples with irradiation/test
temperatures of 470/450 °C. Annealing at 900°C for one hour restored the ductility back
to the unirradiated value. Thus, a crude scaling of ductility with He content can be
expressed by:

e, = €,[1+2.86x10%(Cy )" (102)

u
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3.5  Thermal and Irradiation Creep

The thermal (e,™ in absolute units) and irradiation (e in absolute units) of Be have
been expressed as functions of porosity (p in absolute units), temperature (T in K), effective
stress (s in MPa), time (t in s) and neutron damage (D in dpa) as: 3

el = 07511 ~p3) 3% exp(~2.60 x 10*/ T)s 35+ (11)
and
e, = 32x10°%(1-p%3) " sp (12)

The thermal creep of Be tends to decrease with increasing grain size and BeO content and
increase with increasing impurity levels of Al, Mg, and Si."* At about 980°C, increasing the
(Al + Mg + Si) content from 100 wppm to 1000 wppm resulted in an increase of a factor
of 9 in the stress required to produce a creep rate of 10 s?. Above 1000 wppm (which
includes S-65 Be), the creep rate is relatively insensitive to the levels of these impurities.
At higher temperatures, the creep rate of Be varies inversely with grain size. However, in
the temperature range of 650-760°C, this trend was reversed in high purity Be. For medium
purity Be (1 wt.% BeO and 760 wppm Al+Mg+Si), the creep rate was insensitive to grain
size in the relevant range of 10 to 50 pm. As these specifications are close to those of S-65
Be, it is recommended that a grain size dependence not be included in Eq. 11.

Crook and Webster® report a steady-state thermal creep rate of 10® s at 649°C and
10 MPa. Under these conditions, Eq. 11 predicts a creep rate of 1.7 x 10° s1. Thus, the
measure thermal creep rate is a factor of 7 times higher than what is predicted by Eq. 11.
While this may seem large to the designer, it should be emphasized that scatter in thermal
creep data is generally quite large and that predictions within an order of magnitude are
considered adequate. Thus, in the absence of specific thermal creep data for S-65 Be, Eq.
11 is recommended for ITER design analysis.

The irradiation creep correlation represented by Eq. 12 is based on only one data point at
43°C under Jow dpa and He generation conditions. Thus, the data base is inadequate for
validation of the correlation.

3.6 Helium-induced Swelling

The effects of as-fabricated porosity on swelling and irradiation temperature on swelling are
not well characterized. Most data are based irradiation at temperatures < 100°C followed
by postirradiation anneals from 1 to 24 hours. Also, it has only been within the past five
years that the He content in the irradiated samples has been characterized well enough to
allow the volumetric swelling (in %) to be correlated to annealing temperature and helium
content. Billone et al.** have proposed a correlation to match the ATR irradiation and
post-irradiation annealing data of S-200F Be:
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AVIV, = 1.15x107Cp,[1+9.49x 10 Cy T S exp (- 3040/) | a3

The data base includes He contents up to 26,000 appm and annealing temperatures up to
500°C for one hour. However, with the exception of a few immersion density
measurements, most of the data are actually length change measurements. The axial strains
are multiplied by three to obtain an estimate of volumetric strain. Also, He content was
measured for only a few high bum-up samples.

Sannen et al.**!® have performed extensive studies of the helium content and swelling of
BR2-irradiated Be. Samples were irradiated at 60°C up to He contents of 20,000 appm He.
One and 24 hour anneals were performed at temperatures in the range of 200 - 800°C.
Also, data consisted of both length and diameter change measurements which give a more
accurate reading of volumetric swelling than simple length measurements. They used the
following correlation to represent their data:

AV|V, = 1.19x107Cp,[1+A4Cp, (T-293)*] 14)

where A = 1.01 x 102 for 1-hour anneals and A = 1.31 x 102 for 24-hour anneals.

In deciding which correlations to use for ITER analyses, an independent data set is required
to validate the correlations. At present, the only data set available for validation of
in-reactor swelling is the EBR-II data set.!® The problem with using this data set is that the
He measurements were made after compression-testing samples to failure. Some He may
have been released in the fracture of these samples, perhaps giving rise to the low He (in
appm) to fluence [in 10% n(E>1 MeV)/em?] ratio of 1540. Figure 4 is a comparison
between Egs. 13 and 14 and the EBR-II swelling data for the He range of 1000 - 2000 appm
and 427 - 487°C.

The correlations tend to underpredict the data for measured swelling in the range of 0.2 -
0.9%, with the Billone correlation (Eq. 13) giving slightly better agreement with the data
than either of the Sammen correlations. However, the validity of the comparison of
correlations to data depends on the relevance of the He measurements in the EBR-II
samples after post-irradiation fracturing to the He contained in the specimens during
irradiation. Clearly, what is needed for validation of correlations for ITER application is
another set of data for Be irradiated at temperatures from 400 - 600°C with
well-characterized He contents in the range of 3000 - 9000 appm.

In choosing a design correlation for ITER for calculation of Be swelling during normal
operation, as well as over-heating events, it is useful to compare Egs. 13 and 14 to
determine which correlation is an upper bound. The comparison between the Billone
correlation (Eq. 13) and the Sannen correlation (Eq. 14) based on the 24-hour anneals is
shown in Fig. 5 for 3000 appm He (I MWea/m?) and 9000 appm He (3 MWea/m®). The
agreement between the correlations is quite good for temperatures < 450°C. In the range
of 450 - 600° C and for higher temperatures, Eq. 13 is an upper bound to Eq. 14. Thus, the

358

o - e} R e " § U T ot i T e et M-~



1
o Billone
21 & Sanmen (1 hr)
81 aSannen (24 hr)
SV E
s
=5
L
; 4 o
S 3 o o o . o) .
< fo) %OOOOO gn 4]
.2"' (o] & g%
ﬁn B .
NE
0O 1 2 3 4 5 6 7 8 9 1

AV/VData, %

Figure 4. Comparison of the EBR-II swelling data and the swelling correlations of Billone
et al.*® (based on 1-hour anneals) and of Sannen’ (based on 1- and 24-hour anneals). The
EBR-II data are for temperatures of 427 - 487°C and He contents of 1000 - 2000 appm.

Billone correlation is recommended for ITER design analysis. There is very good
confidence in using this correlation to predict the swelling of Be under normal operating
conditions for T < 400°C and for overheating events of < 24-hour duration up to 800°C.
However, it remains to demonstrate that the correlation is either a best fit or an upper
bound for normal operating temperatures of 400 - 600°C up to He contents of 9000 appm.
Such a validation requires the generation of new data.-

In using Eq. 13 to estimate the degradation of properties with swelling porosity, it is

important to convert the results of Eq. 13 from percent values to fractional values for use
in Egs. la, 4, 6, 7, and 10 - 12. Also, the designer should be aware of the fact that the
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Fig. 5. Comparison of the Billone et al*® and the Sanmen et al.’® correlations for
He-induced swelling in S-200F Be at 3000 appm He (1 MWoea/m? for ITER PFC) and 9000
appm He (1 MWea/m? for ITER PFC).

swelling of Be with as-fabricated porosity has not yet been characterized due to a lack
of data in this area.

4, Tritium Retention

There are no data on tritium retention/release from S-65 Be. Also, there are no
relevant data for on-line tritiumrelease. Most of the available data are for pressed S-200F
Be and cast Be based on post-irradiation annealing studies. Table I summarizes the
trittumretention/release data gathered so far. 3% The most recent data set is from the
SIBELIUS experiment.!” It appears that as-fabricated porosity, as well as He-induced
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swelling, enhances tritium release. No simple design correlation has been found to match
these data sets. However, KfK has developed the ANFIBE code to predict tritium, as well
as He, behavior iri Be.® In the absence of a design correlation, the designer may use the
data directly from Table 1 to estimate tritium inventory in Be.

Table 1. Summary of tritiuma nd helium retention in beryllium irradiated at low

temperature (except for SIBELIUS) and

(E > 1 MeV) fluence is in units of 102 n/cm?2

post-irradiation annealed at high temperature. Fast

Initial Fab. Form Fluence/ Tritium/He Anneal T Anneal t Retained Ref.
Density Irr. T, °C appm °C Hours Tritium
%TD %
100 HIP 50 +£ 03/ 2530/ 300 20-114 99.99 2
75 26100 400 142-170 99.75
500 99-669 99.4
600 148-202 10
700 17 ~0
99.6 CIP/S 0.26/ 71.8/ 300 355 99.905 1
75 872 400 307 99.45
500 365 96.7
600 381 90.3
700 319 73.5
750 24 71.6
800 24 66.8
850 24 57.6
900 24 3.6
98 Arc-Cast 0.061/ 3.8/ 550 Irrad. 77? 17
550 140 550 24 99.95
650 24 89.1
750 24 47.0
850 24 9.4
850 24 0.3
80.9 CIP/S 0.26/ 55.3/ 300 386 96.8 2
75 733 400 335 62.0
500 318 11.0
600 435 1.0

5. Discussion

As stated in the introduction, the correlations
hot-pressed and/or cold-pressed/sintered/hot-

presented in this work apply to vacuum

isostatic-pressed Be.

In cases for which

baseline data for 100% dense, unirradiated, pressed S-65 Be are available, correlations are
developed for the performance of this material as a function of temperature.
Porosity-dependent and He-dependent terms are developed based on data for pressed S-200
Be, with an emphasis on S-200F material. These terms are then applied to the S-65 Be
correlations.
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It is difficult to characterize the performance of plasma-sprayed Be. Without post-spray heat
treatment, the thermal conductivity of plasma-sprayed Be tends to be significantly lower,
particularly in the spray direction, from what is obtained from Egs. 1, la. Optimization of
particle size, shape and purity, along with spraying techniques, have led to densities as high
as 95% and thermal conductivities as high as 70% of what is predicted by Eqgs. 1, la. The
mechanical properties of plasma-sprayed Be are quite poor in terms of ductility and
strength. Post-spray heat treatments, which may not be practical for ITER applications,
have resulted in strengths and ductilities even higher than for pressed Be.

Given that plasma-spraying is an evolving art and given the near-impossibility of
characterizing plasma-sprayed Be as a class of materials independent of specific data for a
specific technique, it is recommended that the designer use the properties of pressed Be for
the design analysis. If problems arise in the performance of pressed Be, then the designer
should be aware that these problems will only get worse for plasma-sprayed Be. Exceptions
to this are in the areas of Be/copper/steel mechanical interaction where the plasma-sprayed
Be may be too weak to exert much force on the other layers, and tritium retention and
He-induced swelling for which the plasma-sprayed Be may release more tritium and He than
a corresponding pressed Be.
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The goal of this work is to estimate the strength and structure of different Be-Cu joining
techniques. Brazing, diffusion bonding and joint rolling methods were chosen as ITER Be-Cu joint
method candidates.

Selected for ITER application Be-Cu joints were produced as technological plates (30-50 mm
x 50-100 mm x thickness). AR samples for further investigations were cutted out from initial
technological plates. To compare mechanical strength of selected Be-Cu joints tensile and shearing
tests of chosen candidates were carried out in the temperature range RT - 350 °C. The
metallographic analysis of Be-Cu crosssection was also done. Preliminary results of these ests as well
as metallographic analysis data are presented. The industrial possibilities of producing required for
ITER full scale Be-Cu joints are discussed.

Introduction

One of the main requirement for ITER divertor target technology is to provide reliable joint
between Be coatings and copper alloy heat-sink stricture. It takes a very long time and heavy
expenses to carry out full-scale investigation of all Be/Cu joining techniques. That is why it looks
reasonable to develop rather simple comparative methods to estimate a quality of different joints and
select the best Be/Cu candidates for detailed investigation in ITER application. The Russian
approach s to start the investigation of Be/Cu joints producing the potential divertor elements (not
separate samples) - bimetallic Be/Cu technological plates (see fig. 1). Bimetallic Be/Cu technological

plate as initial state for further investigations allows:

To demonstrate the industrial (device) possibilities of each selected Be/Cu joint methods

To produce all necessary samples for different experiments by cutting out from uniform
technological plate -

To demonstrate the possibilities of cutting, machining etc. of technological plate producing
the different samples

Thus a number of technological plates for further investigations were produced by different
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techniques used (see fig. 2 and table 1.).
Methods of Be/Cu joining

Brazing

The brazing of the technological plate was carried out with Ag-based brazing alloy(Ag=63%,
In 1-2%). The surfaces of Be and Cu were cleaned, etched and vacuum brazed at temperature
760°C. The cross-section of Ag brazed joint is shown on fig. 5. The technological plate produced
by this method remained intact through considerably handling including cutting out and machining
during the test sample preparation.

In regard to the concerns of Ag transmutation to Cd (under the neutron influence) we plan
the so-called "Cd experiment”. We prepared Ag based brazing alloy with Cd. The goal of
forthcoming experiment is to measure the own vapour pressure of Cd in this brazing alloy. Our
future plans with Ag based brazing alloy win be strongly depended on Cd experiment results.

Diffusion bonding

Be and Cu surfaces were preliminary cleaned and etched. Diffusion bonding was carried out
in vacuum. The bonding pressure was increased up to plastic deformation in copper appearance.
Then pressure was kept at temperature 720°C during 5 - 7 min. The cross-section of diffusion
bonded zone is given on fig. 6. The bimetallic technological plates produced by this method remained
intact during cutting out and following machining for test samples preparation.

Joint rolling
This work started in two directions:
joint rolling in vacuum
joint rolling in inert gas atmosphere

The current results show the same properties of joint rolled plates produced in vacuum and
inert gas atmosphere. Thus it was decided to continue the investigations using vacuum joint rolling
facility. Thus the several joint rolled technological plates were produced for further investigations.
The cross-section of this type of joint is given on fig. 7. The plates remained intact during test samples
preparation and attempt of bending this plate (see fig. 4).

Explosion bonding.

The result of the first attempt of explosion Be to Cu is shown on fig. 3. The Be plate cracked
due to twice bending during explosion process. The attempts to explode Cu on Be plate limits the
thickness of exploded Cu plate. The technological plate produced by this method failed during
cutting out for cross-section sample preparation. Some additional industrial problems resulted
finishing investigations in that direction.
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Bonding by HIP methed.

In the main this method was observed for Be/Cu tube divertor element application. The
container for Be/Cu bimetallic tube joint was manufactured. The HIP technique parameters were
chosen. As result two Be/Cu tube joint samples were produced. These samples remained intact
through handling and bending attempts. To decrease the intermetallic formation V alloy diffusion
barrier was used.. This method is very expensive. That is why it was decided not to continue (at least
now) investigations of this type of bonding.

Tensile and shear testing experimental details.

The Russian Team point of view is to create the real ITER conditions for testing. The main
of these conditions are cyclic high heat loading and neutron flux. However for some traditional
estimations and calculations the mechanical properties of Be/Cu joints are required. With that aim
tensile and shear Be/Cu joint testing at temperatures RT., 350°C was carried out.

To cutting out the samples for tensile and shear tests the technological plates produced by
different methods were used. The general view of the tensile and shear samples and schemes of test
loading are given on fig. 8, 9. The device for tensile and shear tests of Be/Cu joints at temperatures
RT., 350°C was manufactured and tested. The tensile and shear experiments were carried out using
standard mechanical testing machine with grip velocity of I mm/min.

d

Results and discussion

The main results of tensile and shear testing of different Be/Cu joints at temperatures RT.,
350°C are presented in tables IL., ITI. and given in fig. 11. It should be signed that brazed, diffusion
bonded and joint-rolled samples successfully passed cutting out and machining treatment stages.

The detailed analysis of microstructure tested types of Be/Cu joints will be done. At present
we can see that brazed, diffusion bonded and joint-rolled samples were metallurgical bonded and
remained intact trough cutting out and machining. The defectless zone (lack of brazing alloy, bonding
fine cracks, voids etc.) were not found on the samples cross-sections.

The static (not cyclic) increasing of testing temperature up to 350°C did not lead to changes
in tensile and shear strength of Be/Cu joints.

At least two factors could influence on the spread in values of tensile and shear strength from
sample to sample:

- rather small number of samples for testing
- possibility appearance of defects in brittle Be and on the bond tine of Be/Cu sample during
preparation stages

No doubt it takes more samples for each point of experiment as well as high precision during
machining of samples to obtain accuracy in tensile and shear values. Nevertheless on the first stage
of Be/Cu joints investigations this experiment allowed to select brazing, diffusion bonding and joint
rolling techniques as candidates for further study for ITER. In particular device were developed and
samples were cut out from brazed, diffusion bonded and joint-rolled technological plates for
simultaneous comparative cyclic HHF test of selected Be/Cu joints (including irradiated Be/Cu
joints).
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Conclusion

In regard to Be/Cu joining techniques some progress was made in the producing of different
technological plates as initial structure for all types of Be/Cu joint tests. The device was developed
and mechanical strength testing was carried out for different Be/Cu joints.

The tensile and shear strength of tested joints does not depend on static temperature
increasing up to 350°C.

The detailed metallography of tested types of Be/Cu joints is necessary for selected techniques
optimization.

It takes more samples for each point of experiment to obtain accuracy in tensile and shear
values.

In whole the industrial possibilities of manufacturing of Be/Cu joints were estimated and the
most suitable technologies (brazing, diffusion bonding and joint-rolling were selected for further
investigations.

367



e
id
1231
130
[ouyd?d
}n
D/?
! |
L
)|
Y |

\T!EE
06~ 0¢
=

AN




ig. 2 Be/Cu technological plates

Fig. 3 Explosion welded Be/Cu technological plate
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Different type bonds

Sn based brazing alloy

Fig. 10  Mock-up for comparative HHF testing
of different Be/Cu joints
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Preliminary characterization of interlayer
for Be / Cu functionally gradient materials

- Thermophysical properties of Be / Cu sintered compacts -

N.Sakamoto and H.Kawamura

Japan Atomic Energy Research Institute, Oarai Research Establishment,
Oarai-machi, Higashi Ibaraki-gun, Ibaraki-ken 311-13, Japan

ABSTRACT

At present, beryllium is under consideration as a main candidate material for plasma
facing components of ITER, because of its many advantages such as low Z, high thermal
conductivity, low tritium retention, low activation and so on . Among the different
divertor design options, the duplex structure where the beryllium armor is bonded with
heat sink structural materials (DS-copper, Cu-Cr-Zr and so on) is under consideration.
And plasma facing components will be exposed to high heat load and high neutron flux
generated by the plasma. Therefore, it is necessary to develop the reliable bonding
technologies between beryllium and heat sink structural materials in order to fabricate
plasma facing components which can resist those. Then, we started the bonding
technology development of beryllium and copper alloy with FGM (functional gradient
materjal) in order to reduce thermal stress due to the difference of thermal expansion
between beryllium and copper alloy.

As the interlayers for FGM, eleven kinds of sintered compacts in which the mixing
ratio of beryllium powder and oxygen free copper powder is different, were fabricated by
the hot press / HIP method. The dimension of each compact is 8mm in diameter, 2mm in
thickness. Then, thermal diffusivity and specific heat of these compacts were measured
by laser flash method, and thermal conductivity was calculated from those values.

From metalographical observation, it became clear that the sintered compacts of
mixture of beryllium powder and copper powder contain residual beryllium, copper and

two kinds of intermetallic compounds, Be2Cu(8) and BeCu(y). From the results of
thermal characterization, thermal diffusivity of interlayers increased with increase of
copper containing ratio. And, specific heat gradually decreased with increase of copper
containing ratio. Then, the thermal conductivity of main sintered compact at 400°C
calculated from those values is shown as follows, ~l00W/m/K in pure Be compact,
~170W/m/K in Be10%-Cu90% compact and ~230W/m/K in pure Cu compact.

1. Introduction

At present, beryllium is under consideration as a main candidate material for plasma
facing components of ITER, because of its many advantages such as low Z[1], high
thermal conductivity, low tritium retention, low activation and so on. Among the different
divertor design options, the duplex structure where the beryllium armor is bonded with
heat sink structural materials (DS-copper, Cu-Cr-Zr and so on) is under consideration.
And plasma facing components will be exposed to high heat load[2] and high energy
particles generated by the plasma. Therefore, it is necessary to develop the reliable
bonding technologies between beryllium and heat sink structural materials in order to
fabricate plasma facing components which can resist those. Then, we started the bonding
technology development of beryllium and copper alloy with FGM (functional gradient
material) to reduce thermal stress due to the difference of thermal expansion between
beryllium and copper alloy. Concept of divertor mock-up using FGM is shown in Fig.1.
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As the mterlayers for FGM, eleven kinds of sintered compacts in which the mixing
ratio of beryllium powder and oxygen free copper powder is different, were fabricated by
the hot press / HIP method. The dimension of each compact is 8mm in diameter, 2mm in
thickness. Then, thermal diffusivity and specific heat of these compacts were measured
by laser flash method, and thermal conductivity was calculated from those values.

2. EXPERIMENTS
2.1 SPECIMENS

As the interlayers for FGM, eleven kinds of sintered compacts in which the mixing
ratio of beryllium powder and oxygen free copper powder is different, were fabricated by
the hot press / HIP method. Detailed manufacturing method of Be/Cu sintered compacts
is shown in Fig.2. At first, beryllium powder and oxygen free copper powder were
mixed by mechanical mixing process, and mixture powder was sintered with hot press
and hot isostatic press methods. Then, sintered blocks was cutting to disk shape. Mixture
matrix of those powder was shown in Fig.2. The dimension of each compact is 8mm in
diameter, 2mm in thickmess. These sintered compacts were made by NGK
INSULATORS, LTD..

2.2 PROCEDURE

In this study, thermal diffusivity and specific heat of these compacts were measured
by laser flash method, and thermal conductivity was calculated from those values in order
to characterize them as interlayers of joined components between beryllium and copper
alloy used in the divertor components. The concept of measurement equipment is shown
in Fig.3. g

3.RESULTS AND DISCUSSION

At first, as the results of metalographical observation, it became clear that the
sintered compacts of mixture of beryllium powder and copper powder contain residual

beryllium, copper and two kinds of intermetallic compounds, Be2Cu(d) and BeCu(y).
SEM image on a 50at.%Be-50at.%Cu compact is shown in Fig.4 for one example.

The results of measurement on thrmal diffusivity and specific heat of interlayers,
and of thrmal conductivity with caluculation from those values are shown in Fig. 5, 6 and
7. From these results, it appeared that thermal diffusivity of interlayers increased with
increase of copper containing ratio. And, specific heat gradually decreased with increase
of copper containing ratio. And the tendency on thermal conductivity was similer to
thrmal diffusivity. Particularly, thermal conductivity on interlayers which contains above
50at.%Cu is higher than 100at.%Be. Therfore, these interlayers have advantage to
apprication as FGM interlayers.

4. Conclusions

In this study, thermal diffusivity and specific heat of these compacts were measured
by laser flash method, and thermal conductivity was calculated from those values in order
to characterize them as interlayers of joined components between beryllium and copper
alloy used in the divertor components. The obtained results are as follows.

--From metalographical observation, it became clear that the sintered compacts of mixture
of beryllium powder and copper powder contain residual beryllium, copper and two

kinds of intermetallic compounds, Be2Cu(8) and BeCu(y).
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--From the results of thermal characterization, thermal diffusivity of interlayers increased
with increase of copper containing ratio. And, specific heat gradually decreased with
increase of copper containing ratio.

From these results, thermal designs of Be/Cu alloy joinéd compacts using Be/Cu

sintered compacts as FGM interlayer became possible.
Presently, thermal expansion tests will be performed in order to estimate thermal

stress at joining interface.
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Fig. 2 Manufacturing method of Be/Cu sintered compacts.
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MANUFACTURING AND THERMOMECHANICAL TESTING
OF ACTIVELY COOLED ALL BERYLLIUM HIGH HEAT FLUX
TEST PIECES

N.N.Vasiliev, Yu.A.Sokolov, G.E.Shatalov, A.G.Zimelev
(Kurchatov Institute),
Yu.Ya. Kurochkin (“KOMPOZIT”),
J.M.Bezmozgy, A.G.Chernjagin (“ENERGIA”).

1. Introduction.
One of the problems affiliated to ITER high heat flux elements

development is a problem of interface of beryllium protection
with heat sink routinely made of copper alloys. To get rid of this
problem all beryllium elements could be used as heat receivers in
places of enhanced thermal loads. In accordance with this objec-
tives four beryllium test pieces of two types have been manufac-
tured in “Institute of Beryllium” for succeeding thermomechanical
testing. Two of them were manufactured in accordance with JET
team design (fig. 1); they are round “hypervapotron type” test
pieces. Another two ones are rectangular test sections with a
twisted tape installed inside of the circular channel (fig. 2). Pre-
liminary s_tr'e.ss—strain analysis have been performed for both type
of the test pieces. Hypervapotrons have been shipped to JET
where they were tested on JET test bed [1] Thermomechanical

testing of pieces of the type of “swirl tape inside of tube” have
been performed on Kurchatov Institute test bed.

Chosen beryllium grade properties, some details of manufac-

turing, results of preliminary stress-strain analysis and ther-
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momechanical testing of the test pieces “swirl tape inside of

tube” type are given in this report.

2. Some properties of DShP-56 beryllium.
Distilled DShP-56 metal-ceramic beryllium grade was chosen as

material of the test pieces.

Table 1. Chemical composition of DShP-56 beryllium grade
(weight percent)

Fe | Al [Si [Ti [Mg | Mo ] Cal C | O

Ni

0.045 | 0.004 | 0.008 | 0.036 | 0.005 | 0.003 | 0.002 | 0.088 1.1

0.004

Table 2. Assured mechanical properties of DShP-56

RT 100°C | 200°C | 300°C | 400°C | 500°C | 600°C

E,GPa| 298 | 298 | 298 | 289 | -280 | ~270 | ~250

GyMpa| 269 [ 258 | 218 | 186 | 168 | 146 100

G, Mpa| 425 | 402 | 320 | 269 | 235 | 194 | 125

S, % | 38 82 | 257 | 396 | 388 | 214 | 220
b}

W, % 5.6 115 36.4 61.8 62.9 57.0 35.1

Fatigue Characteristics Of Metal-Ceramic Beryllium TshP-56
O4(RT): 160 MPa (smooth specimen);

110 (specimen with ring notch).

3. Some features of manufacturing

3.1. Work pieces actually used: beryllium tubes.

3.2. Method used for joining of machined details (Be+Be;
Be+SS):  brazing (sﬂver-copper alloy).

3.3. Special electrocherﬁical treatment was used for elimina-

tion of microcraks generated by machining.
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3.4. Special coating of 10 pm thickness was deposited on in-
ner surface of the test pieces in order to prevent any interaction

beryllium with cooling water.

4. Preliminary Stress Analysis.
4.1.0Objective: to assess stresses/strains levels caused by the

thermomechanical testing.

4.9. Codes Actually Used Here: COSMOS/M for transient
thermal analysis and FEM 3D code “SPRUT® for nonlinear
analysis of the stress/strain problem (in steady state approxima-
tion).

4.3. Some Results Of The Analysis (test pieces with swirl
tapes, steady-state incident heat load of 5 MW/m2): actual
strains (up to 1% at some points) exceed elastic ones very much,
that would mean very serious problems in respect to surviving of

the hypervapotron in case of cyclic mode of testing.

5. Testing.
5.1. Beryllium compatible test bed “SPRUT-2” was used for

the thermomechanical testings of the test pieces. “SPRUT-2” is a

device with plasma discharge supported by electron beam. Dur-

ing the testings only electron beam was used as source of surface

heat load.

Main parameters of the electron beam gun of the “SPRUT-2”

device:
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- electron beam current up to 24;
- acceleration voltage up to 10kV;

- cooling of test piece by distilled water,

p<0.6 Mpa, G=2 kg/s;
The test bed is located at RRC “Kurchatov Institute”.

9.2. Instrumentation. Acoustic emission method was used for
monitoring of the test pieces integrity as well as detection of start
of boiling of cooling water during the testing processes. Because
previously there were no experience to use such system for beryl-
lium destroying some calibrating experiments were performed
with beryllium samples. Besides that, parameters of cooling water
(pressure and temperatures, flow rate) was monitored also. Power
param;eters of electron beam gun have been determined before-

hand and were controlled during experiments.

5.3. Modes of the testing performance. Following modes of
experiments were performed during the testing: .

- smooth increasing (during ~ 100 s) of thermal load up to
nominal level of 5 MW/m? with following its abrupt;

- smooth increasing (during ~ 100s) of thermal load up to
nominal level of 5 MW/m? steady-state regime during 300 s;

abrupt of the thermal load.
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- cyclic mode of loading (10 cycles): thermal load increasing up to
nominal level during 6s; steady-state regime upon nominal
level of thermal load during 20 s; abrupt of the thermal load

during 7 s; dwell time between cycles was 30s;

- 101 cycles with parameters the same as in previously item.

6. Results of the testing.
Main result of the testing is that no any symptoms of the

test piece disintegration were observed.

7. CONCLUSION.

In our opinion a rather important resuit of the studying is that
experience of using of acoustic emission method for diagnostic of
integ”ri:cy of HHF test piece during testing was obtained. It could
be not excluded that such experience will be useful for designers
of ITER plasma facing components. Sensors can receive informa-
tion concerning conditions of beryllium protection of PFC through
acoustic wave gides and be located far away from places with
high level of radiation (on back plate for example). Such investi-
gations could be performed using “SPRUT-2” test bed more
carefully if it would be interesting for ITER designers.

8. Reference.

[1]. HD.Falter, D.Ciric, EB.Deksnis et. al. Test Report: Actively
cooled Beryllium Vapotron. JET-TN(94)), 1994.

9. List of Pictures.

Fig. 1. Hypervapotron (JET design).

Fig. 2. Test piece with swirl tape.
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Operational Aspects of Using Beryllium -
Safety and Decontamination

M. A. Pick and A. D. Haigh

JET Joint Undertaking, Abingdon, 0X14 3EA, UK

Abstract

After more than six years of operational experience working and handling beryllium, JET is now
in a position to work efficiently and easily with the imposed procedural, organisational and
facility-wise requirements associated with the large scale use of beryllium. It is, however, clear
that the use of beryllium requires a large additional commitment both in the form of additional
facilities as well as man-power, ultimately leading up to a substantial additional financial burden.
This paper outlines this additional effort and what impact it has on the design, operation and
maintenance of a large scale machine such as JET or ITER.



1. Introduction

As beryllium and most of its com-
pounds are considered toxic, their use is gov-
erned by a number of statutory instruments,
regulations and recommendations. These are
associated with the control of the work place;
storage;. control of discharges; personal pro-
tection of the work force; medical supervision
of the work force; reporting of injuries, dis-
eases and occurrences; classification, packag-
ing, labelling and shipment; insurance. Many
of these requirements are to be seen simply as
additions to those regulations already imple-
mented in an industrial site such as JET. JET,
as any future large fusion machine site, al-
ready implements the requirements associated
with the Jonising Radiation Regulations due to
the induced radiation and the use of trittumn.
Although there are differences in the regula-
tions throughout the countries of the world,
the example of JET and the impact the use of
beryllium has had there, serves as a good ex-
ample. The requirements will differ only
slightly were the experiment to be sited else-
where. The application of the appropriate
regulations brings with it the setting up of a
variety of facilities, installations and
procedures. It is these areas which will be
discussed in some detail below.

2.  Implementation of Regulations
2.1 General

At JET the implications and recom-
mendations have been formulated in an
internal document entitled: Code of Practice
for the Safe Use of Beryllium at the JET
Laboratory (1).

According to the Code of Practice
beryllium should be manipulated in enclosed
areas only. Where this is not possible, a local
exhaust ventilation system equipped with fil-
tration of a specified high standard is provided
for processes likely to generate dust or fumes.
Areas in which beryllium is manipulated are
clearly marked as Beryllium Controlled
Areas and access to these areas is strictly
controlled. There are large Beryllium
Controlled Areas at JET where routine work
is performed on beryllium or beryllium
contaminated equipment. If beryllium is

manipulated in an area not normally
designated a Beryllium Controlled Area then a
temporary Beryllium Controlled Area is
established. Local Rules to regulate work
activities, personnel entry, exit and discipline,
are associated with each of the Beryllium
Controlled Areas. All the possible hazards
associated with each separately identifiable
job, normally laid down in the form of an
Assembly Procedure, are assessed by way of
a Safety Assessment which is circulated to a
series of prescribed Safety Assessors and
attached to the Procedure.

Any person expected to manipulate
beryllium at JET must become a Beryllium
Worker. To obtain that designation the person
must undergo a full medical examination and
be declared medically fit for beryllium work.
He must attend an induction course in beryl-
lium safety at JET and be trained in the use of
all applicable safety equipment including be-
ing trained to operate in a full pressurised suit.

2.2 Exposure Limits and Standards

The principal risk associated with the
use of beryllium is the inhalation of dust or
fumes. These may be generated by processes
in which beryllium is manipulated or they
may be re-suspended from contaminated sur-
faces. For these reasons limits have been set
on the airborne dust concentration and the sur-
face concentration of 2 mg m-3 and 100 mg
m-2 respectively. This airborne dust concen-
tration limit was first adopted by the
American Atomic Energy Commission in
1949 and is recognised throughout the
European Union and other western countries.
These are the Occupational Exposure Limits
(OEL) in use.in the UK (2.3).

In JET a Beryllium Controlled Area
(BeCA) is set up whenever a Safety
Assessment of a job to be undertaken states
that 0.2 mg m-3 airborne contamination or 10
mg m-2 surface contamination is likely to be
reached or exceeded. A Respiratory Protection
Zone (RPZ) is established at JET whenever
the airborne beryllium concentration is ex-
pected to reach or exceed Img m-3. No person
is allowed -into these areas unless they are
wearing the type of respiratory protection
equipment prescribed by Health Physics. A



Beryllium Controlled Area may be an entire
room or the inside of a piece of equipment
such as the JET torus itself, a temporary en-
closure such as a PVC tent or Tsolator'. or
‘even a barriered off area.

2.3 Monitoring

The monitoring of the above outlined
limits on airborne and surface contamination

is performed by the Health Physics group.

As there is as yet no reliable and legally
accepted form of real-time beryllium
monitoring, this is carried out by drawing
measured volumes of air through a filter paper
over a known period of time and measuring
the amount of beryllium on the paper by using
an Absorption Spectrometer.

Both routine and special air monitoring
programmes are undertaken. The routine
samples provide information on the general
conditions in all areas and indicate whether the
performance of all control procedures and
facilities is adequate.

Surfaces are monitored by taking dry
smear samples of the surface and determining
the amount of beryllium in the smear, as with
the airborne beryllium samples.

The chemical analysis work on the
samples and the absorption spectrometer are
carried out in the Analysis Laboratory.

2.4 Personal Protection

When working with beryllium all per-
sonnel must wear some degree of personal
protection. This ranges from the minimum
requirement of disposable coveralls, over-
shoes and gloves, through a range of inter-
mediate levels of protection using different
ori-nasal or respiratory protection, to the
maximum protection of a full pressurised suit.
The respiratory protection to be used is speci-
fied by Health Physics.

All respiratory protection equipment is
worn only once. If not of the disposable type
this equipment is subsequently cleaned and
sanitised. This is done in a specialised Suit
Cleaning Facility.

2.5 Waste Management

The disposal of solid beryllium waste,
solid radioactive waste, mixed waste and the
disposal of contaminated liquids is covered by
a series of formal JET Waste Management
Procedures.

The Environmental Protection Act and
the Radioactive Substance Act impose a legal
duty on the operator to ensure that waste ma-
terials are appropriately classified and dis-
posed of by authorised disposal routes. JET
deals with a variety of authoritative bodies in-
cluding the National Rivers Authority, Her
Majesty's Inspectorate of Pollution and the lo-
cal District Council. JET is periodically in-
spected by the disposal authorities and final
recipients of JET waste, and also makes its
own Visits to the recipient sites.

Solid beryllium is sent either for con-
trolled burial at an authorised land fill site, or,
if radioactive, it is disposed of at the UK na-
tional radioactive waste repository in
Sellafield, Cumbria. The Waste Management
Group collects, sorts, samples, processes and
dispatches waste using the JET Waste
Handling F acilities, Fig 1.

Iso-freight containers

Fig.1: The JET Waste Handling Facility

2.6 Procedures

A very large number of Procedures and
Working Rules have been developed which
govern all aspects of the work with beryllium.
They include, amongst others, the following:

Procurement, Receipt and Issue of Beryllium
Work Permit and Safety Assessment



Packaging, Labelling And Transport of
Beryllium

Storage of Beryllium

Beryllium Controlled Areas and Local Rules
Respiratory Protection Zones

Removal of Temporary Enclosures (Isolators
and Tents) ‘
Cleaning

Transfer of Materials
Controlled Areas

Waste Disposal

Incident Procedures i.e. Accidental Release,
Injury, Fire etc.

Radioactive Beryllium

from Berylium

3.  Facilities

The following is a list of the main fa-
cilities which have been required to be estab-
lished at JET. The list shows the equipment
associated with each of the facilities as well as
the number of staff required to man the units
during shutdown periods.

3.1 Torus Access Cabin

This Cabin, Fig 2, allows entrance to the
JET vessel through the main horizontal port at
the 6m level. It contains all the support and
communications equipment required for
pressurised suits as well as the dressing and
washing facilities. It also contains all the ser-
vices required to enable the in-vessel work.

Matenal storage
iso-container

- Fig2: The JET Torus Access Cabin

Equipment:

Contamination control barrier

Ventilation system

Breathing air supply system

Pressurised suit dressing room

Shower

Ex- to in-vessel communications systems -
audio\video

JET access and operations box, extensions to
storage and workshop areas '
In-vessel services -

power distribution

welding power supply

compressed air

water

hydraulics

cryogenic CO? blasting

boron carbide water jet grit blasting

Posting facilities

ISO-container docking

Staffing (assuming 2 shift operation):

In-Vessel Operators in suits 12 tol5
(3 entrances x 4 or 5)
Engineers/Supervisors 6

Suit support staff 7 to 8

3.2 Boom Access ‘Facility

This facility permits access to the vessel
for the boom as well as for personnel at the
Octant 5 main horizontal port.

Equipment:

Contamination control barrier

Ventilation system

Breathing air supply system

Pressurised suit dressing room

Shower

Ex- to in-vessel communications systems -
andio/ video :

JET access and operations area, extensions to
storage areas ' -
In-vessel services -

power distribution

welding power supply

compressed air

water

hydraulics

Posting facilities

ISO-container docking



Staffing (assuming 2 shift operation):

In-Vessel Operators in suits9

(3 entrances x 3)

Remote Handling Boom Operators 4
Suit support staff 7

3.3 Berylium Handling Facilities
These facilities, Fig 3, are designed to

enable decontamination, assembly, inspection
and repair work to be performed on compo-

R %

Fig.3: Two of the main JET Beryllium Handling
Facilities are shown located in the Assembly Hall
of JET. The upper one is a fixed, permanent facility
with an in-built 5 m2? access port in the roof. The
lower facility is a temporary facility which is
basically a large supported tent. This also permits
large components to be entered whilst supported
from the roof crane

Equipment:

Contamination control barrier .
Ventilation system

Breathing air supply system
Pressurised suit dressing room
Shower

Communicatiotis systems - audio/ video
Small beryllium workshops
Decontamination systems -
water wash (high pressure)
boron carbide water jets
ultrasonic cleaning baths

Services -
power distribution

welding power supply
compressed air

water

ISO-container docking

5 m2 bagging port in roof
Monitored discharge stack

Staffing (assuming 2 shift operation):

Suit support staff 6
Operators in suits 8 (2 x 4)
Non-suited staff 5

3.4 Beryllium Suit Cleaning Facility

This facility is used to clean and disin-
fect and inspect used pressurised suits and
respirators and to keep a stock of clean
equipment ready for use in the various facili-
ties. The full stock includes 350 full suits, 80
half suits, 150 respirators and several thou-
sand disposable suits. The throughput of the
facility allows 18 to 20 full pressurised suits
to be cleaned per day. This is the usual num-
ber of suits required for use during a normal
working day in the JET vessel.

Equipment:

Contamination control barrier
Ventilation system

External decontamination bath for suits
Internal disinfection bath for suits
Ultrasonic baths for respirators, etc.

Staffing:

Suit cleaning 4
Inspection and issue 3

3.5 Waste Handling Facility

Designed to collect, sort, sample, pro-
cess, pack and dispatch Be contaminated and
radioactive waste, Fig 1.

Equipment:

Contamination control barrier (emergency

shower)’
Ventilation system and monitored discharge

stack
ISO-container docking stations for waste in,

waste out



Waste drum compactors
Glove box inspection station
cutting/size reduction room
Buffer store

3.6 Beryllium Analysis Laboratory

Designed to quantitatively measure
beryllium contamination of swabs and filters.

Equipment:

Contamination control barrier
Ventilation system

Fume cupboards

Atomic absorption spectrometry
Chemical laboratory facilities

Staffing:
8 on shifts

3.7 Isolator and Tent Manufacturing,
Suit Repair Facility

PVC cutting and welding and test equipment
Staffing: 3 Operators

3.8 Transfer and Storage Facilities

ISO container park with ventilated extracts
Standardised transfer and docking facilities
using ISO containers

Liquid effluent holding and discharge tanks

3.9 In-Vessel Training Facility

In 1994, an In-Vessel Training Facility
was built as a realistic full-scale replica of four
octants of the inside of the JET vessel and all
of the important aspects of the in-vessel com-
ponents, Fig 4. This facility has three main
uses:

- The provision of adequate training for
in-vessel workers. The work in the ves-
sel, in which the background radiation
levels is increasing as the number of
high performance plasmas increases, is
performed by workers wearing pres-
surised suits with limited visibility and
three pairs of gloves. To remain within
JET's self imposed radiation exposure
limit, a large number of trained fitters,

engineers, welders and inspectors are
required. The facility is used to train in-
vessel personnel in the conditions that
await them and to allow them to practice
the procedures just prior to their actually
going into the vessel. This ensures that
all in-vessel work can be done correctly,
safely, efficiently and with the absolute
minimum of radiation exposure.

Fig.4: The In-Vessel Training Facility showing an
inspector wearing a pressurised half-suit being
trained in the use of a theodolite to position in-
vessel components

- To check the details of new compo-
nents, develop and test all new installa-
tion procedures, handling and installa-
tion tools, new in-vessel flooring, and
interface problems in order to ensure
that the Mark II divertor can be installed
to the desired accuracy and within the
boundary conditions prevailing.

- For remote handling operations trials.
The preparation of equipment and
operators for the fully remote exchange
of the tile carriers includes the fullscale
testing and proving of each individual
task both under normal operating condi-
tions and under failure case conditions.
All of these trials will be performed
within the facility. The facility has in-
corporated into it a full-scale space
frame representation of all in-vessel



components considered to potentially
offer a manoeuvring, viewing or access
constraint under fully remote conditions.

Equipment:

Suit training facility

In-vessel mock-up of all hardware
Configuration control

Installation trials

In-vessel procedures training

Remote handling trials and procedure tests
. 4.  Decontamination

A detailed examination of a wide variety
of possible decontamination techniques was
carried out to identify a method which; could
be used to safely remove beryllium containing
layers from the surface of the inside of the
JET machine; would be compatible with
subsequent plasma operations i.e. would not
introduce unwanted high Z impurities onto the
material; would not damage the surface, and
would cause little waste disposal problems.
Such a method was identified in the wet
abrasive blasting using boron carbide grit (4).
The method uses a high pressure water jet and
a separate vacuum recovery and hydro
cyclone system -to recover the grit. The
method was used successfully to decontami-
nate the inside of the JET vessel from a layer
of tritium containing beryllium and to thereby.
allow the vessel to be reclassified from a
Class 3 Respiratory Protection Zone where
the use of pressurised suits is mandatory to a
class zero Respiratory Protection Zone where
no respiratory protection at all is required,
Fig 5. This method of decontamination can be
applied to particular smaller components
which either require to be worked on or which
need to be disposed of easily. It has therefore
been included in the equipment available in
one of the fixed Beryllium Controlled Areas.

A second method, blasting the vessel
walls with a cold jet of carbon dioxide pellets,
was successfully investigated and employed
in the vessel The mechanical and thermal
shock of the blast embrittles and dislodges a
contaminating film, which can 'then be re-
moved by vacuuming (3).

a full

operator wearing
pressurised suit and using the 100 bar boron carbide
grit water gun to clean the JET vessel

Fig.5: An in-vessel

s. Conclusions

. The use of beryllium in a large fusion
device implies a substantial effort in terms of
infrastructure, facilities, organisation and
manpower. Many, but not all, of the require-
ments can be regarded as an extension of the
requirements already necessary for a facility
operating with triium. This paper describes
the situation at JET where beryllium has been
used on a large scale and very substantial
work has been performed on heavily beryl-
lium contaminated components both inside

and outside the JET vessel. Any future ma-

chine in which beryllium is planned to be used
should consider integrating the requirements
into the organisation and the design of the fa-
cility and buildings right from the start.

Acknowledgements

The authors wish to acknowledge the
contributions to the work by a very large
number of members of the JET Team,
Special emphasis is made to the contributions
of the Health Physics and Safety Group, the
W aste Management Group, and the First Wall
Installation Group,



References

(D

(2

€))

4

(3

Code of Practice for the Safe Use of
Beryllium at the JET Laboratory, JET-
SR(89)02

EH40, Occupational Exposure Limits,
Health and Safety Executive, HMSO
Publication  ISBN 0-11-88-20-80
Annual

EH13, Beryllium - Health and Safety
Precautions 1977 HMSO, ISBN 0-11-
88-30-38 4

Decontamination of the JET Vacuum
Vessel from Beryllium and Tritium, S
M Scott et al. 17th Symposium on
Fusion Technology, Rome, September
1992

Decontamnination of the JET Vacuum
Vessel Using the COp Pellet Blasting
(cold jet) Technique. S M Scott et al.
International Symposium on
Decontamination & Decommissioning,
Knoxville, April 1994



