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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 I 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 
h4W/mz. Cyclic plastic strains on the order of 0.6% produced visible cracking on the heated surface in less than 3000 
cycles. An in-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, 1-400, extruded high purity, 
HIP'd spherical powder, porous beryllium (94% and 98% dense), B@0% BeO, Be/60% BeO, and TiBe12. 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 0. 
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 l i t e r s  
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 [l]. Subsequent use on both the 
ISX-B tokamak [2] and the Joint European Torus 
(JET) tokamak [3] has demonsfrated the positive 
effects on plasma performance. Beryllium, with its 
low atomic number (M), excellent capability in 
gettering oxygen, and high thermal heat capacity and 
conductivity, has resulted in lower plasma impurity 
levels, reduced plasma dilution, enhand 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 
(ITER). This deuterium-tritium burning machine, 
with a fusion power = ng-pulse 
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operation, 1000 s, will subject the PFC's to heat 
fluxes in the range of 1-20 M / m 2  for up to ~O,OOO 
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 
fatiguecracking. 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. 
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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 
materids. 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 
modem 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 
prepardion for the EX-B tokamak experiment in 
1984, petformed thermal cycling with a rastered e- 
beam of a 2.54 cm cube of S-65B beryllium at a heat 
flux of 25 MW/m2 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 [SI. 

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-693 
limiter tile was performed at SNL. in 1986 [7]. At a 
surface beat flux of 2.5 MW/mz 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 
atgreater 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-633  
tiles at higher heat loads, 4-5 MW/m2 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 mrn 
from the heated surface, growing .from the free edge 
towards the bulk. 

High heat flux testing of S-65B beryllium “Mark 
P’ 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/mz 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/mz for 0.1 s pulses. A final test 
sequence on a third set of tiles at 25 W / m 2  for 0.1 s 
pulses showed local melting due to lateral cracks 
growing from the four comer edges. No evidence of 
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vertical q-acks was seen. These tests found that 
increasing’the initial temperature from 100 OC .to 250 
“C improved the fatigue lifetime from IO00 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 [IO]. Three 
different tile thicknesses were tested: 1.5 mm, 2 mm, 
and 3 mm. No evidence of surface cracking was 
observed after IO00 cycles at 12.5 h4W/mz for 1 and 2 
s pulses. However, melting of a few tiles was 
observed after failure of the braze joint occurred [I 1, 
121. 

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/mZ for 15 s 
pulses. The test was terminated after debonding 
o c c d  at the BdCu 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 [ 161, 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 “I” corresponds to the 
Xdirection, and ‘2” to the Ydrection. Table 1 lists 
the temperaturedependent 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/m2 was applied over a 2 mm wide 
spot for a pulse length = 0.06 seconds. Subsequently, 
the heat flux is turqed 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/m2. 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 m d 8 4  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/m2) was effectively spread out over 
the entire width of one tile. 

The geneml 3-D thermal response of a rapidly 
moving spot heat source on a copper plate has been 
modeled analytically by Sheng and Howell [I51 for an 
e-beam moving a 200 metersls with a beam power of 
IO00 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 mete& (84 
mmls) for a 14-tile stackup length of 84 mm and 1 



sweep Hz frequency. This is very close to the velocity 
of’the therinal 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 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 T h e m 1  analysis results 

Fig. 5 shows the temperature response for a 
single odoff 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 OC 
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 OC 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 
(td.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 
td.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 
heatingkooling cycle was applied to each cycle of the 
stress model. 

Table 2 lists the temperaturedependent 
mechanical properties for S-65C that were used [7]. A 
bi-linear stresdstrain 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 eiastic analysis was performed. 
Peak stress in the Xdirection, ox, at the heated surface 
was found to be -1270 m a .  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 #lo86 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 ox 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 m a .  

Fig. 12 shows contours of plastic strain in the 
Xdirection, ~ p ~ ,  at the end of the heating pulse. The 
plastic strain is concentrated in the region directly 
underneath 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 ox for the 
first odoff 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 OC. 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 ox 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 Xdirection, during the first odoff 
cycle for element #1086. The compressive plastic 
strain increases continuously up to a peak value of 
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-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 “midual” 
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 ox 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 odoff 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, 
Le. 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 
#I086 undergoes each cycle, from -260 MPa to +240 
MPa, a stress swing Aox 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, OS%., 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 #lo86 with kinematic 
hardening. Fig. 21 shows the same variable for 
isotropic hardening. 

Fig. 22 plots the stress, ox for element #lo86 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, Aox. 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, Ao, is 
sufficiently high, 500 MPa, that rapid crack growth 
would be anticipated. 

. 

Fig. 23 plots the plastic strain, &px, for element 
#I086 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 plastic strain, 

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 d e r  
to properly understand the magnitude of the out-of- 
plane stresses, which most likely are not insignificant. 
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 Me0 
composites, and 1 type of beryllide. We decided to 
include the widest possible range of processing 
conditions in order to cover all of the modem 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. I Description of Brush Wellman materials 

S-200F is a vacuum hot pressed (VHP)  beryllium 
grademade from impact ground beryllium powder. It 
is the most commonly used structural grade, has 
medium Be0 content and anisotropic properties. 
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SA200F-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 Be0 content and isotropic 
properties. 

S-65C is a vacuum hot pressed (VHP) beryllium 
grade made from impact ground beryllium powder. 
This @e has the lowest metallic impurity 
concentration' level and lowest Be0 content of the 
Brush Wellman structural grades. It has anisotropic 
properties and the highest high tempemture 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 
concenmtion level and lowest Be0 content of the 
Brush Wellman structural grades. It has isotropic 
properties. 

SR-200 is a vacuum hot pressed (VW) 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 Be0 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.) Be0 content. 

m ' 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 fi-acture 
toughness. 

Special BWI Extrusion Extruded beryllium has 
very anisotropic properties and grain shape. This 
particular extrusion used an experimental high punty 
beryllium grade with very low (0.38wt%) Be0 
content. 

Be/30wt% B e 0  Composite This experimental 
material is made by hot isostatic pressing from 

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

Be/60wt% Be0 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 
weremade 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 Bervllide 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 punty grade with 0.9-1.3 
wt% Be0 made from minus 56 micron beryllium 
powder by punched hot pressing. It has quasi- 
isotropic mechanical properties. 

TShGT This is a technical punty grade with 1.2 
wt% Be0 made from beryllium powder by hot 
pressing to partial density and then punching to full 
density. 

DShG-200 This is a high punty 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- 
13wt% 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 
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TShG-56 This is a technical purity grade with 1.3 
wt% B e 0  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 
Be0 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 beryllium tile. This system, 
described in more detail in [14], consists of a 30 kV, 1 
amp (ma)  electron beam that can be rastered in X- and 
Ydirections at fiquencies 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 contend 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 lo00 Hz for fatigue testing of high 
strength copper alloy heat sinks used in synchrotron 
radiation sources. It was quite successful in creating 
fatigue 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 FWHh4 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 sppt completely 
fell off the ends of the first (#I) and last (14) tiles. 

Diagnostics for the EBTS consisted of a scanning 
IR camera, and two spot IR (I-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 OC. 
Darkening of the surface occun-ed 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/mZ. 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,J. 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 #E 
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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 kquency of observation. The sample of Tie , ,  
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 Q 
TShGT 
S-65H 
TShG-56 

The samples with the worst resistance to crack 
initiation were: 

TiBel2 
Bd6Owt% Be0 
Be./30wt%BeO 
I-400Q . SR-200 
94% S-65 

5.2 Macroscopic exmuhation 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 met& Many of the samples have a 
single major crack running down the middle of the 
HAZparallel to the beam path, but rolled sheet and 
extruded samples have major cracks perpendicular to it. 

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. 

The HAZ is typically 2 mm wide. 

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 Be0 layer 
[13]. All samples have a raised hump in the material 
which is tallest directly underneath 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 Be0 
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 “J” 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) 
' *ExtrudedO 

5.3 Macrographs of selected samples 

(case 4 only) 
(cases 4 & 5 )  

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

5.4 Microscopic examination of selected faigue cracks 

Figures 40-43 show microphotographs of 
selected samples. The mean grain size was meamred 
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 lonpest cracks are: 

TiBe,, 
Extruded(L) 
S-2OOF (L) 
1 - 4 0 0 0  
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 impoitant 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 beryllium metal with isotropic and 
near-isotropic properties (S-65C, S-65H. S-2OOF. 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 deeper. 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 Bd6Owt% Be), fall outside the trend described 
above. They show poor resistance to crack initiation, 



but excellent resistance to crack propagation. The 
composites of Be0 composites are easy to initiate 
cracks’because they are brittle, but resist growing 
cracks because the thermal expansion coefficient of 
Be0 is low, which reduces the cyclic thermal stress. 

For the case of SR-200 flShGT 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 Pe$onnance 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 Be0 contents. Any forging which 
may have occurred probably broke up the continuous 
oxide film of the prior particle boundaries and provided 
greater total a m  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 Be0) 
performedthe 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 

10 

since there is poor correlation between Brush Wellman 
parameters and Russian Federation material parameters 
for the most successful materials: especially impurity 
concentrations, grain size, Be0 content and 
microalloying appeai to be different. 

The low cycle fatigue tests indicate that the Be0 
concentration is not necessarily a robust predictor; the 
highest Be0  concentration grade (I-400) performed 
identically to the lowest Be0 concentration grade (BW 
special extrusion). 

6.4 Resistance to su$ae 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 
observation 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 mom temperature is consistent 
with the residual tensile stress state deveIoped upon 
cooldown. 

C 



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 jnitiation 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 result 
from the two different ranking measurements. The 
rankings are net 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 ebeam 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,OOO cycles in less than 20 
minutes. The increased beam spot velocity will also 
help to prevent preheating of the tile ahead of the 
beam spot, which will produce a much more uniform 
heat affected zone. 

More tests using pmmcked 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 6 
beam spot, (2) anisotropic material’s properties, (3) 

improved description of the yield surfaces (e.g. 
kinematic vs isotropic hardening). 

Future work should also include measurements 
of the fatigue bthavior, 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-bf-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 Q, 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 Be0 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 
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high heit flux components. A second round of 
electron beam experiments is recommended in order to 
gene& better statistics, and to improve our 
understanding of low cycle fatigue behavior. 

Acknowledgments 

This work was performed at Sandia National 
Laboratories, supported by the US Department of 
Energy, office of Fusion Energy, under contract DE- 
ACOP94AL85000. The authors wish to thank Brush 
Wellman, Inc. for their supply of the beryllium 
materials, and post-test examination, metallography, 
and chemical analyses. We wish to also thank Fred 
Bauer, Ken Trancosa, Jimmie McDonald, LaWonda 
Wold, and Wynona Sexson for their contributions to 
operating the electron beam test system and computer 
network. I 

References 

[l] J. Hackman, J. Uhlenbusch, “Experimental Study 
of the Compatibility of Beryllium Limiters with a 
Tokamak Plasma”, J. Nucl. Fusion, Vol. 24, No. 5, 
p. 640 (1984). 

[2] P.K. Mioduszewski, et. al., ‘The Beryllium 
Limiter Experiment in ISX-B”J. Nuclear Fusion, Vol. 
26, No. 9, p. 1171 (1986). 

[3] K.J. Dietz, et. al., “Experience with High Heat 
Flux Components in Large Tokamaks”, Fusion 
Engineering and Design, Vol. 16, p. 229 (1991). 

[4] E. Bertolini, e t  al., “Impact of JET Experimental 
Results and Engineering Development on the 
Definition of the ITER Design Concept”, Fusion 
Engineering an Design, Vol. 27, p. 27 (1995). 

[SI R.D. Watson, et. al., “Thermomechanical Testing 
of Beryllium for the JETASX-B Beryllium Limiter 
Experiment”, Proc. 13th Symp. on Fusion Tech. 
(SOFT), Varese, Italy, p. 1283, Sept. 24-28, (1984). 

[9] E. Deksnis, et. al, “Solid Beryllium Tiles for the 
JET Pumped Divertor”, Roc. SPIE High Heat Flux 
Engineering, VoI. 1739, p. 173 (1992). 

[lo] H.D. Falter, et. al, “Testing of Plasma Facing 
Materials for Divertors in the JET Neutral Beam Test 
Bed”, Roc. SPIE, Vol. 1997 High Heat Flux 
Engineering-II, p. 170 (1993). 

[I 11 H.D. Falter, et. al, “Thermal Test Results of the 
JET Divertor Plates”, Roc. SPIE, Vol. 1739 High 
Heat Flux Engineering, p. 163 (1992). 

[12] E.B. Deksnis, et. al, “Assessment of Water- 
Cooled Beryllium Components for Plasma-Facing 
Applications”, Jnl. NUC. Mat, Vo. 212-215, p. 1266 
(1994). . 

[13] D.L. Youchison, et. al, “Thermal Fatigue 
Testing of a Diffusion Bonded Beryllium Divertor 
Mockup under ITER Relevant Conditions”, Proc. 18th 
Symp. on Fusion Technology (SOFT), Aug. 22-26, 
Karlshrue,Germany, p. 287 (1994). 

[I41 D.L. Youchison, J.M. McDonald, L.S. Wold, 
“High Heat Flux Testing Capabilities at Sandia 
National Laboratories-New Mexico”, ASME Heat 
Transfer in High Heat Flux Systems, HTD-Vol. 301, 
p. 31 (1994). 

[15] I.C. Sheng and J. Howell, “Thermal Analysis of 
the Crotch Absorber in APS”, Proc. SPIE, Vol. 1739 
High Heat Flux Engineering, p. 200 (1992). 

[ 161 PDA Engineering, Inc. 

[ 171 Hibbett, Karlsson and Sorenson, Inc. 

[18] M. Merola, R. Matera, G. Federici, S. 
Chiocchio, ‘Thermomechanical study of a new concept 
for a beryllium-protected high heat flux component”, 
Fusion Eng. And Design, Vol. 28, p. 97 (1995). 

’ I  

[6] M.F. Smith, et. al., “Thermomechanical Testing 
of Beryllium for Limiters in ISX-B and JET’, J. 
Fusion Technology, Vol. 8, p. 1174 (1985). 

[7] R.D. Watson and J.B. Whitley, “Thermal Fatigue 
Tests of a Prototype Beryllium Limiter for JET”, J. 
Nuclear Eng. and Design, Vol. 4, p. 49, (1986). 

181 private communication, R.D. Watson. 

12 



Table 1 Thermal Properties of S-65C beryllium [7] 

Thermal 
Conductivity 

(W/cm-K) 
1.87 
1.52 
1.44 
1.34 
1.29 
1.25 
1.17 
1.1 
1.02 
0.96 
0.88 
(0.76) 
(0.64) 

Temperature (C) 
51 
139 
183' 
242 
29 1 
336 
400 
464 
543 
619 
700 
854 
996 

Heat Capacity 
(J/a-K) 
1.91 
2.24 
2.35 
2.44 
2.53 
2.61 
2.67 
2.73 
2.78 
2.86 
2.94 
(3.09) 
(3.22) 

[extrapolated value) 

Ultimate 
Strength 

(MPa) 

435 

Temperature (C) Ductility 
(%) 

3-5 25 
100 
200 
300 
400 
500 
600 
700 
800 
900 
lo00 
1100 
1200 
1300 

??Poisson's Ratio = 
1.08) 

Thermal 
Diffusivity 

(cm2/s) 
0.54 
0.38 
0.34 
0.3 
0.28 
0.27 
0.24 
0.23 
0.21 
0.19 
0.17 
0.14 
0.12 

Table 2 Mechanical properties of S-65C beryllium [7] 

Young's 
Modulus 

(GPa) 

310 

300 

290 

230 

97 

48 

Thermal 
Expansion 
Coefficient 
(~10-6 )  1/K 

10.5 
13.3 
14.8 
16.3 
17.5 
18.7 
19.8 
20.7 
21.5 
22.2 
22.7 
23.3 
23.7 
24 
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Yield 
Strength 

(MPa) 

27 1 

233 

178 

120 

Density (g/cm3) 
1.82 
1.81 
1.81 
1.81 
1.8 
1.8 
1.79 
1.79 
1.78 
1.77 
1.76 
1.74 
1.73 

386 

269 

164 

17 1 



Table 3 List of US and RF beryllium grades 

Ultimate 
Strength (MPa) 

3830,383 Q 
456 (XI ,446 (2) 
3 7 3 0 , 4 0 7 0  

483G) 
5440,545m 
5830,5206)  
7 3 1 0 , 4 1 4 0  

I Brush Wellman Grades 

Elongation (%) 

3.OQ.3.9fl) 
6.1 (X),S.O(Z) 
3.2(L),5.9(T) 

3.9 
25.5(L),24.5(T) 

8.2(L),0.75(T) 

S-65H 
s-65c (L) VHP 
s-65c 0 VHP 
S-20F-H 
S-200F (L) VHP 
S-2OOF 0 VHP 
1-400QVHP 
1-4000VHP 

I SR-200 rolled sheet 
I HIp'd Spherical Powder 
1 High M t v  Extrusion 

I 

Type 

Russian Federation Grades 

S ize  Density Yield Strength 
(microns) % (MPa) 

TGP-56 
TShGT 
DShG-200 
TShG-56 

S-65-C 
S-65-H 
S-200-F 

S-200-F H 
SR-200 
1-400 

Extrusion 

ExDerimental US Grades 

8.1 
7.3 
8.9 
6 

5 

Be/30wt% BeO, HIP 
Bd60wt% BeO, HIP 
98% dense CIPlSinter S-65 
94% dense CIPlSinter S-65 
Tiel2 

99.8 
100 

99.9 
99.9 

99.4 

Table 4 Properties of US Beryllium Grades from Certification Sheets 

2 8 4 0 , 2 8 4 0  
288oL),285(Z) 
2790.283 (T) 

414(Z) 
3 4 8 0 , 3 6 3 0  

3 1 7 0 , 3 2 8 0  

I Ave Grain I 
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Other 
Be B e 0  Fe C AI Mg S i  Metals 

Type (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) Zn 
S-65C 99.4 0.6 0.07 0.03 0.02 ~ 0 . 0 1  0.03 ~0.04 
S-65-H 99.5 0.5 0.06 0.03 0.02 ~ 0 . 0 1  0.02 4.04 

Type S c  Cu 

200 ppm ppm 
TShGT 10 1901295 

PPm PPm 

PPm PPm 
TShG-56 <5 90ppm 

PPm 

DShG- <5 305/140 

TGP-56 <5 890/500 

N i  Mn 

'If 
PPm PPm PPm 

PPm PPm PPm 

PPm PPm PPm 

c3 135 

<3 

Pb 
4 0  
ppm 
420 
PPm 
QO 
PPm 
QO 
PPm 

- 

- 
- 
- 

Ca 
20 

ppm 
30 

PPm 
20 

PPm 
20 

PPm 

- 

- 
- 
- 

W 
<loo 
ppm 
<loo 
PPm 
4 0 0  
PPm 
<loo 
PPm 

~ 

PPm PPm 
4 0  

PPm PPm 
4 0  

PPm PPm 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

.~ - -- -~ __- - - ~- -__ ~- 
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Table 6 Lengths of longest sidetracks after cycling. 

5 4-12 S-200-FQ 0.85 1.2 1 .o 

Average Length 0.76 0.91 0.83 0.78 0.98 
(-1 
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Electron Beam 

Fig. 1 Conceptual drawing of using a small electron 
beam spot swept back and forth across the surface of 
many samples to create low cycle fatigue damage. 

B 

Y 

A' 

Fig. 3 Finite element mesh of beryllium tile made by 
PATRAN mesh generator. A finer mesh is used 
underneath the beam spot. 

IAEA Beryllium Workshop, Jackson Hole, WY 

Electron Beam 

Fig. 2 End view of experimental setup for low cycle 
e-beam tests. The beryllium tiles are clamped by 
water cooled copper blocks with Papyex interlayer. 

7 4cQ 

Fig. 4 Surface temperature dismbution of a copper 
plate heated by lo00 W Gaussian e-beam spot moving 
at 200 m/s from Ieft-to right [15]. 
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[XlO 3 1  

I 

.oo .05 -10 -15 .20 

TOTAL TIME 
.1 .2 .3 .4  

ABSOLUTE DISTANCE 

Fig. 5 Temperature (C) vs Time (s) for element 
#1086. Peak temperature = 750 OC at end of heating 
pulse, t = 0.06 s. Cooldown within 0.2 s to e 50 "C 

Fig. 7 Temperature profile (C) through thickness of 
tile at ta.06 s along path A-A' (cm). Temperature 
has decayed to 10% of peak over a distance of 3 mm. 

- 8  

[XlO 3 1  
fi .6  
& 
El 

g .4 
I 

1 .2 B 
E .  

- 0  
.o 4 . 4  .8 1.2 1.6 2.0 2.4 

ABSOLUTE DISTANCE Total Strain (%) 

Fig. 8 Temperature profile (C) at ta.06 s along a 
line following the heated surface from left side to right 
following path B-B'. Distance units in cm. 

Fig. 9 Bi-linear stresdstrain model used in ABAQUS 
finite element analysis code for S-65C beryllium 171. 
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Fig. 10 Deformed mesh (magnified by 200 x) at the 
end of heating pulse, td.06 s. The expansion is 
greatest in the region of highest temperature rise. 

d 
d w 
PI 

.ooo 

- .002 
-. 004 

-. 006 

-. 008 

I 

! 
6 

- . 010 ; 
PI j 1  -. 012 

.oo .05 .10 .15 .20 

TOTAL TIME 

Fig. 14 Time evolution of the plastic strain E,,% in the 
Xdikction during the first odoff cycle for element 
#1086. Peak plastic strain is -0.9% at td.06 s. 
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.4 

r( 
r( 
VI 
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c X l o  3 
.2 

.o 
VI 

B 
r3 

-.2 

1 I 1 I 
OFF 

-.4 
.oo -05 * 10 .15 .20 

TOTAG TIME 
Fig. 13 Time evolution of 0% stress in the X-direction 
during the lint odoff cycle for element #1086. Peak 
compressive stress is -260 ma, peak tensile is 240. 

Fig. 15 Deformed mesh (magnified by 200 x) at end 
of cycle, t=ls. Residual plastic strain produces a small 
bump on the surface: 
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KINEMATIC HARDENING 

.2 

.o 
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PLASTIC STRAIN - PEll 
Fig. 18 Combined stress vs plastic strain loops for element #lo86 (kinematic hardening) for 12 cycles. Cyclic 

.4 

.2 

- .2  

-.4 I 1 I I 
- -016 - .012 - .008 * -. 004 f 000 

Fig. I9  Combined stress vs plastic strain loops for element #lo86 (isotropic hardening) for 12 cycles. Cyclic 
plastic strain = 0.5%. cyclic stress=650 ma. Convergence is not achieved after 12 cycles. 
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Fig. 20 Time evolution of plastic strain in X- 
direction for element #lo86 with kinematic hardening. 
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Fig. 22 Profile of 0, through thickness along path A- 
A' (cm) at td.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 #lo86 with isotropic hardening. 
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Fig. 23 Profile of qx through thickness along path A- 
A' (cm) at td .06 s and at end of cycle (t=1 s). Cyclic 
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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T i B e l 2  
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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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Fig. 26 Macro-photograph of S-65C Q after 2400 cycles. Longitudinal VHP billet orientation is parallel to heated 
surface. A small raised bump can be seen on the side view. The top view shows a narrow heat affected zone (HAZ). 
Tile 4-10. Mag. 3X. 

Fig. 27 Top view of S-65C Q after 2700 cycles. 
Transverse VHP billet orientation is parallel to heated 
surface. Rising bread loaf look for 90% of HAZ. Last 
10% of HAZ has a series of microcracks in it. Beam 
traverse from left to right. The tile is narrower in the 
HAZ. Tile 3-13. Mag. 18X. 

Fig. 28 Side view of S-65C (T) after 2700 cycles. 
Transverse VHP billet orientation is parallel to heated 
surface. Beam exit side. Average size HAZ perceptible 
only as a slight bulging. Other side has very short 
thin crack off center of HAZ. Tile 3-13. Mag. 47X. 

IAEA Beryllium Workshop, Jackson Hole, WY 24 
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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. Wi& 
meandering central crack with molten globules at left 
end. Tile4-12. Mag. 18X. 

IAEA Beryllium Workshop, Jackson Hole, WY 25 
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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 1-400 after 2700 cycles. 
Transverse VHP billet orientation is parallel to heated 
surface. Beamtraverse 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 
orientedpexpendicular to the beam traverse. Tile 3-2. 
Mag. 18X. 



Fig. 33 Side view of 1-400 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 1-400 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. Transverse extrusion billet orientation is 
parallel to heated surface. Beam traverse from right to 
left. Large, wide, Y-shaped fracture. Surrounding 
material looks like it has risen above the original 
surface, and has many microcracks distributed 
throughout it. Tile 3-10. Mag. 18X. 

IAEA Beryllium Workshop, Jackson Hole, WY 

Fig. 36 Top view of high purity extrusion after 2400 
cycles. Transverse 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 globulesheads on one side. Tile 4- 
13. Mag. 18X. 
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Fig. 37 Top view of high purity extrusion after 2700 
cycles. Longitudinal 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. 38 Top view of RF grade TshGT after 2700 
cycles. Longitudinal extrusion billet orientation is 
parallel 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. 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. 18X. 

IAEA Beryllium Workshop, Jackron Hole, WY 

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. 1OOX. 
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Fig. 45 Summary of experimental results. Crack propagation depths (mm), averaged among cases 4 and 5, both 
sides are plotted, along with number of cycles to crack initiation. Samples with best overall fatigue resistance would 
be found in the upper left-hand quadrant of this plot, including S-65C, DShG-200, TShGT, and TShG-56. 
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TEnP VALUE 

Fig. 6 Contours of constant temperature (C) at the end of the heating pulse, 
td.06 s. Peak temperature = 750 C. 
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Fig. 1 1  Contours of contant stress (MPa) in the X-direction at the end of the 
heating pulse, t.to.06 s. Peak compressive stress = -260 MPa, peak tensile 
stress = 110 m a .  
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Fig. 12 Contours of constant plastic strain i n  the X-direction at the end of 
the heating pulse, t=0.06 s. Peak plastic strain = -1.0 %. 
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Fig. 16 Contours of contant stress (MPa) in the X-direction at the end of the 
cycle, t=I .O s. Peak compressive stress = - 1  80 MPa, peak tensile stress = 
250 Mpa. 
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