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ABSTRACT

The thermomechanical behavior of titanium beryllide pebble beds was investigated experimentally
at ambient temperature in helium. The pebbles consist of a mixture of TiBe1, and Ti;Be+~ titanate
beryllide phases and a small residual amount of Be phase, denominated as Be-7.7Ti.

For purposes of comparison, experiments in air and helium atmosphere were also conducted with
Be, Al,O3; and orthosilicate pebble beds. The pebble beds were compressed uniaxially up to

4 .5MPa; the effective thermal conductivity was measured using the hot wire technique. The stress-
strain curves do not differ significantly for the different granular materials in contrast to the effective
thermal conductivity k. Whereas for Be pebble beds k increases strongly with increasing stress
(about 600% for the uniaxial stress of 4MPa), the increase is much smaller for the other granular
materials (about 60% for Be-7.7Ti at 4MPa). The main reason for the large differences is the much
lower thermal conductivity of the solid materials. Another influence exists because the other
materials are mechanically harder resulting in smaller contact surfaces.

As long as the thermal conductivity of other beryllide materials is significantly lower than that of Be,
comparable results are expected as for Be-7.7Ti.

It is argued that similar results are expected for single phase TiBe12 pebble beds. Because of the
harder behavior compared to Be-7.7Ti pebbles, the effective thermal conductivity might be slightly
smaller. Although the above reasonings suggest that a phase mixture can be used instead of the

single phase TiBe1z, this issue has to be investigated in more detail.
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1. INTRODUCTION

In most helium cooled ceramic breeder blankets for fusion power reactors, the beryllium containing
neutron multiplier and the breeder material are envisaged in the form of pebbles. In the ITER
fusion reactor aimed to show a proof of concept, pure beryllium is the prime candidate material.
For advanced fusion reactors, beryllium intermetallic compounds, beryllides, such as TiBe1z,
VBe12, ZrBe1s are promising candidates. These materials, developed first for airborne and space
applications [1], became of interest for fusion reactor applications because of the higher upper
temperature limits, lower chemical reactivity, lower swelling under neutron irradiation, and better
tritium release [2-7]. In parallel to the first beryllide characterizations using disks, the production of
beryllide pebbles was developed by the rotating electrode process, REP, using electrodes fabricated by
the plasma sintering process [8]. First, the aim was to produce single phase TiBe1, as electrode
material. Although this was achieved quite well using the stoichiometric composition of Be-7.7at%Ti, it
proved that the remelting and solidification during the REP caused a structural change with the result
that the pebbles consisted of about 11% of Be; 34% of TiBe12 and 55% of Ti2Be17 [9]. In order to obtain
single phase TiBe12, a homogenization treatment at 1473K for more than 8h was added, however,
resulting in a non-negligible void production [9]. Because beryllide electrodes proved to be very brittle
and, therefore, are not suited for an industrial process, electrodes with a higher ductility were
anticipated. With electrodes consisting of about 50% of Be and beryllide [10], the same pebble
composition was obtained as in [9]. Finally, it was no longer attempted to generate beryllides during the
plasma sintering process but to generate electrodes consisting of a Be-Ti composite with a sufficient

mechanical strength for REP [11].

An economically interesting alternative is the electrode production by hot extrusion [12]. Titanium

beryllide pebble beds originating from the latter process are the topic of this paper.

During blanket operation, temperature differences and different thermal expansion coefficients
between pebble beds and structural materials result in constrained strains, which cause elastic and
plastic pebble deformations. The modelling of this thermal-mechanical interaction between pebble
beds and structural materials is mandatory for every blanket design, requiring as an input important
pebble bed quantities as a function of temperature such as i) the deformation behavior (stress-

strain, o-¢, relation and ii) the effective thermal conductivity, k.

There is a large database for both the granular ceramic breeder materials (the reader is referred to
the corresponding literature) and beryllium pebble beds, see e.g. [13,14]. Because sufficient
amounts of beryllide pebbles became available only recently, no thermo-mechanical data existed,

except thermal conductivity data for non-compressed vanadium beryllide pebble beds [15].



The thermo-mechanical pebble bed behavior is generally investigated by combining uniaxial
compression tests (UCTs) with a method to measure the effective thermal conductivity, k. In
respect to the latter, either steady-state methods [13,14,16] or the transient hot wire method
(HWM) were applied [17,18,19]. The HWM is a relatively simple technique, especially suited for
materials with rather small thermal conductivities, k in the order of 1 W/(mK). However, it was
proven [18,19] that it can be also applied for compressed beryllium pebble beds with k in the order
of 10 W/(mK).

Because titanium beryllide pebble beds, produced by the hot extrusion process followed by REP,
are the main topic of the present investigations, the production sequence is briefly described, for
details, see [12]. In the Karlsruhe Beryllium Handling Facility, KBHF, beryllium and titanium
powders with stoichiometric compositions corresponding to TiBe12 (Be-7.7at.%Ti) were filled first in
niobium capsules, outgassed and sealed and then inserted into CuCrZr capsules. Extrusion was
performed at the Extrusion Research and Development Center, Technical University of Berlin in air
atmosphere at 650 °C using an 8 MN extrusion press with a ram speed of about 10 mm/s. In order
to produce ductile REP electrodes, the extrusion process was carried out again in such a way that
the extruded rods consisted of a Be-7.7at.%Ti composite. Back in the KBHF, the Be-Ti rods were
dismantled, cut into pieces with lengths appropriate for REP electrodes, and sent to the National
Institutes for Quantum and Radiological Science and Technology, QST, for the pebble production.
Rotating speeds of 5000~7000 rpm and electric currents of 60~70 A were applied depending on
the diameter of the Be-Ti rods. The resulting beryllide pebbles were sent back to KIT for further

experiments.

For the present pebbles, again, a composition similar to that in [10] was obtained, see Section 3.1.
A homogenization treatment was not performed, therefore, in the following this titanium beryllide is
designated as Be-7.7Ti.

2. EXPERIMENTAL SET-UP

The pebbles surfaces were investigated using optical microscopy on a KEYENCE VHX 2000 and
Reichert-Jung MeF3. The cross sections were studied using scanning electron microscopy on a
Zeiss Merlin. Energy-dispersive X-ray spectroscopy (EDS) was used to analyze the contents of Ti

and other impurities on the cross sections of the pebbles.

The small amount of pebble bed material necessitated the use of the set-up already required
previously for the same reason [19]. For accuracy assessments of the obtained results,
experiments with other granular materials such as Be, orthosilicate, Osi, and Al>Os pebbles were
carried out as well in order compare these results with other references. All experiments were

performed at ambient temperature, T, = 20 °C; experiments at elevated temperatures are being



prepared. Additional to the investigations with granular materials, the thermal conductivity of water

was measured, using a water gel (5g Agar/1l water) in order to avoid free convection [20].

Table 1: Characteristic properties of investigated granular materials (T=20°C)

d P ks, Ref
Mat mm g/cm”™3 W/(mK)
Be-7.7Ti 1 2.279 40%*, [7]
Be 1 1.855 185, [23]
AL, O3 1.1 2.700 26.7, [20]
Osi 0.34 2.383 2.9, [24]
helium: k =0.154W/(mK) , air: k=0.027 W/(mK)

*Value for TiBei,

Table 1 contains characteristic data of the investigated granular materials. The mean pebble
diameters were about 1 mm, except for Osi with d = 0.34 mm. The Be pebbles, fabricated by NGK,
originated from recent work [13,14], as well as the Al,O3 pebbles which were already used in [21]. The
EU candidate Osi pebble material was recently investigated in detail [22,23]. The table contains also the
thermal conductivity ks of the solid materials at ambient temperature. These data are required for
comparisons, see Sections 3.4ff. For the Be-7.7Ti pebbles, the density was measured by
pycnometry; for ks the value for single phase TiBe1, from [7] was assumed. In the near future, this
value will be checked by ks results from other investigations with composites of TiBei, and Be. The

Al,O3s material was selected because ks is quite close to that of TiBe1a.

Figure 1 shows the cylindrical stainless steel container (inner diameter D: 60 mm, height H: 50
mm, wall thicknesses: 10 mm) with the HW probe located horizontally 23 mm above the cylinder
bottom. The figure shows also the arrangement of the container inside the press together with the
stainless steel lid containing the four displacement transmitters, separated by 90°, for measuring
individually pebble bed strains & This system, already used in previous work [13,14,18,19], has the
advantage that i) strains are directly measured; without involving other components of the press,
and ii) it provides a sensitive control if after vibration the lid plate is in a horizontal position in the
press. Already height differences of a few tenths of a mm at the circumference of the lid result in
remarkably differing strain signals indicating a non-homogeneous bed compression with the
consequence that the o—¢ curves evaluated with the mean strain values differ to those obtained
with a horizontal lid plate. The uniaxial stress c was measured using the force transmitter of the

press.

The HW probe was manufactured in the central workshop of KIT, based on a more than twenty
years old experience. It consists of two so-called “cold end” parts and, in between, the primary
heating (HW) section. The three parts consist of coaxial wires within small tubes of 1 mm outer
diameter and a wall thickness of 0.1 mm; separated E)y a MgO layer. The wires of the cold ends
consist of Ni with a diameter of = 0.4 mm; whereas the HW material is NiCr8020 with a diameter of



= 0.22 mm. The largest challenge during manufacturing is the connection of the two wires with
different diameters. Because of industrial property rights, no further details are given. Finally, the
tubes are connected by laser welding and two 0.25 mm diameter NiCr-Ni thermocouples, TCs, are
laser-welded on the steel cladding surface; one in the middle; the other 8mm apart. This system is
shifted through holes in the container wall, fixed at one side in order to allow for thermal expansion

through the hole on the other side and finally connected with plugs.
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Fig. 1. HW container and strain measurement system.

The concept of the HW design is straightforward: the heat production in the cold ends should be
small compared to that in the central heater. For the present HW probe with a HW length L of 53
mm, the electrical resistance in the cold ends was 7% of the HW resistance which agreed well with

calculated values using manufacturer specifications.

The electric current / (A) of the constant current power supply is measured by means of a shunt
outside of the glovebox whereas the voltage drop for the evaluation of the HW system resistance is
measured at the HW plugs. For the calculation of the effective thermal conductivity, see Section 3,
the HW resistance R is used, obtained by subtracting the cold end resistance from the measured

total value.

As mentioned above, two TCs are laser-welded on the steel cladding surface at different positions.
Originally, only the middle TC was foreseen for k measurements; the other one was anticipated for
the detection of the starting influence of the finite container. It showed, however, that k evaluated

from both TCs did not differ systematically in the relevant measurement time range; therefore, both

TCs were used for k evaluation.

Because of the significant burden during pebble bed compression, the used HW systems have
varying lifetimes. The failure of one, then two TCs can occur or the connection of the cold end and



HW wires starts to fail, indicated by a characteristic change of the electrical resistance. In the

present investigations, one TC failed shortly before the completion of the experimental program.

Before starting experiments in the glovebox, experiments outside the glovebox in air atmosphere
without compression were carried out with Osi and Al.O3z pebble beds and with the HW immersed
in water gel. All pebble beds were vibrated before the HW measurements both inside and outside

the glovebox using vibrators from Binder Magnete, Type 21 %0A-08A1.

The glovebox experiments were performed in helium atmosphere at 0.1 MPa. Only at the end of
the experimental campaign, the glovebox was operated with air for compression experiments with
Be and Al,O3; pebble beds. Due to the fact that the experiments were carried out at ambient

temperature, there was no concern that the Be pebbles would become severely oxidized.

3. RESULTS

3.1 Pebble microstructure and pebbles images

Figure 2 represents the microstructure of the cross section of a Be-7.7Ti pebble consisting of
coarse beryllide dendrites with 5-30 um in diameter and up to 200-300 pum in length. The EDX

Fig. 2. Microstructure of the cross-section of the Be-7.7Ti pebble: a) dendritic structure of the

pebble, b) constituent phases in the increased view.

shows that the interdendritic space is formed by the beryllium phase, often containing pores and
particles of beryllium oxide. The dendrites have Ti.Be17 cores with TiBe12 on the surface. The
volume fractions of Be, TiBe12, and Ti,Be17 are approximately 11%, 40% and, 49%, respectively.

The obtained microstructure of pebbles is similar to that obtained earlier in [9,10, 26]. The increased
content of beryllium can be explained by the peritecti‘c reaction during solidification. In this case, the
composition of the dendrite branch turns out to be supersaturated with titanium, and the interdendritic



space contains more beryllium. Homogenization heat treatment at 1200°C can transform beryllium
and the Ti:Be17 phase into TiBe12 [9, 26], however, this heat treatment results in a higher porosity,
predominantly in former places of the Be phase, which can facilitate brittle fracture of pebbles. On
the other hand, residual beryllium in an amount up to 15% does not lead to the retention of a
significant amount of tritium and does not cause severe swelling and pore formation under neutron
irradiation [27]. The more ductile beryllium phase might also increase the overall ductility of pebbles,
which is preferable in respect to the generation of larger contact surfaces, resulting in greater
effective thermal conductivity values.

Pebble shapes, surface roughness, size distributions can affect both the packing fraction (ratio of

pebble volume to pebble bed volume), y, and the effective thermal conductivity k.

Fig. 3. Pebble samples, a) Be-7.7Ti, b) Be-NGK, c) Al,Os, d) Osi.

Figure 3 shows pictures of samples of the investigated granular materials, taken by a Reichert-Jung
MeF3 optical microscope. All pebbles are of fairly spherical shape; some tiny satellite spheres are
observed, resulting from the solidification process. The Osi pebbles have diameters between 0.25 and
0.65 mm with the mean diameter given in Table 1. The other pebbles have a smaller dispersity with

tolerances of about 0.1 mm from the mean diameter.



Fig. 4. Individual pebbles, a) Be-7.7Ti, b) Be-NGK, c) Al.O3, d) Osi.

Figure 4 presents pictures from individual pebbles, obtained with a KEYENCE VHX 2000 optical
microscope. On the first look, Figs. 4a) and 4b) might be confusing by indicating crater-like surfaces.
However, this impression is an optical illusion, caused solely by the microscope illumination (metallic
surfaces are shiny; ceramic surfaces are dull). The surface of the Be-7.7Ti pebbles is rougher
because of the dendritic structure compared to that of the Be pebbles. The presently used Be
pebbles were already used in earlier compression tests [13,14] and the question was, if residual
plastic deformations can be detected. This is not the case, and it can be concluded that earlier
compression tests caused primarily elastic deformations and, if any, plastic deformations below the
detection limit. The surfaces of the Al>Os; pebbles are smoother, even more than those of Osi

pebbles.

3.2 HW operational regimes
The standard equation to calculate the effective thermal conductivity for the HWM is:
k=2.3Q/(27L)(T2>-T+)/(logt>-logt;) (1),

where Q (W) is the electric power, given by R/I?, where [ (A) is the HW electric current, and R (QQ) is
HW electric resistance, compare Section 2. T is the temperature at a distinct point (here: the
position of one of the thermocouples) and t is the elapsed time since switching on Q. Replacing the

time t by t* = logt, Eq (1) becomes

k =2.3Q/2AL)(T-T1)/( t>-t*1) (1a).

Plotting T as a function of t*; k has to be evaluated in that region, where the temperature gradient

becomes constant.
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Fig. 5. HW temperature for different granular materials in air and helium and the HW immersed in

water gel.

Figure 5 shows characteristic temperature distributions from previous nonpublished experiments
and new measurements with water gel in order to demonstrate the influence of the pebble
diameter d, respectively the heat transfer coefficient, HTC, between the granular material and the
HW wall. For the HW immersed in water gel (pure conduction condition) no heat resistance exists
at the wall interface (corresponding to an infinitely large HTC value). Because of this, the linear
slope is reached very fast. When the HW is surrounded by a nonhomogeneous material such as
the pebble bed, the pebbles contacting the HW have a different heat transfer characteristic (and
packing structure) compared to the pebble bed zone farer away whose effective thermal
conductivity is to be measured. For the modelling of temperature fields in finite containers, this is
taken into account by using finite HTC values, see e.g. [18, 19, 22]. The lower the HTC value, the
longer it takes until the constant slope AT/At* is reached, see Fig. 5. This is most expressed for 2
mm steel spheres in air atmosphere and to a lesser extent for 1 mm glass spheres in air. For the
small Osi pebbles, the slope becomes constant also for air atmosphere after a short time period
For helium atmosphere with a much larger thermal conductivity kg than that for air, the initial time

period becomes small for all materials investigated; for details, see [18, 19, 22].

An important question is, if TCs fixed at the outside of the HW cladding have an impact on
measured k values compared to the temperature measurement directly by the HW. In fact, TCs at
the outside of the cladding can be in direct or non-direct contacts with pebbles which influences the
initial time period. However, when temperature diffusion through the un-disturbed pebble bed zone

becomes dominant, these initial effects play no longer any role.

In contrast to some results shown in Fig. 5, HW powers in the present experiments were chosen

such that AT was in the order of 1°C for the relevant At*.



In recent investigations [19] with beryllium pebble beds in helium atmosphere using pebble
dimensions larger than 2 mm, effective thermal conductivities larger than 10 W/(mK) were
measured. A detailed 2d and 3d simulation of the experimental set-up was performed and a
correlation was developed, where the determination of k was a function of {*in such a way that t*

decreased with increasing k.

In the present work, the main interest concerns pebble beds with = 1 mm diameter pebbles and
considerably lower k values. In the present paper, therefore, the HW operational regimes are
assessed following the procedure recently used [22], based on older work [28-30]: Eq (1) is a

truncation of the full solution, the truncation error becomes negligible (less than 1%) for
tr> 5duw?/a (2),

where duw is the diameter of the HW probe, « is the thermal diffusivity of the granular material, o=
ks/(pCp), ks is the solid material thermal conductivity, p is the apparent density, o = yps and ¢, are the

specific heat of the solid material.

The influence of the HW length on the axial heat flow becomes negligible for
(1< 0.0633L%(40) (3),

and the influence of the finite radial boundary becomes negligible for
th< 0.25(H/2)%/a (4).

Egs. (3) and (4) are valid for a cylindrical container with the HW at the axis. For the present setup,
there is no rotational symmetry; as characteristic dimension in Eq (4), H/2 is taken.

The axial heat flow error in the HW is negligible for L/dnw> 25 which is well fulfilled (L/dnw = 53).
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Fig. 6. Operational HW regimes



Figure 6 shows the different operational regimes for a Be-7.7Ti pebble bed with an assumed
effective thermal conductivity of 2 W/(mK) and for a Be pebble bed with k = 5 W/(mK). In both
cases, the truncation error becomes neglible for t > 3s. For the Be-7.7Ti pebble bed, the upper
operational time is limited to 41s by Eq (3). For Be with k = 5 W/(mK), however, this limit is reduced
to 12s.

In the following, Eq (1a) is not directly used but the procedure from [19] is applied where the

temperature distribution is fitted for the appropriate time span by an expression of the type
T=Ct? (5),

where C and a are constants. This fitting is advantageous for smoothening small T fluctuations

and, furthermore, enables the direct determination of k by using the gradient dT/dt* resulting in
k = 2.3Q/(2A)t*"-9/(aC) (6).

For Be pebble beds, k was evaluated for t* = 1; for all other granular materials, the value t* = 1.477
was used, corresponding to t = 30s. It should be noted, that the results differ marginally for the

different t* values.
3.3 Packing fractions

The HW method presumes a uniform packing structure in an infinitely large packing volume. In
practice, such a structure exists only in a fraction of the finite volume. Close to walls, the particles
start to arrange in a structured order which influences both the local packing fraction and the HW
signal. The local packing fraction differs the most in the wall layer adjacent to walls. Here, in the
wall zone with d/2 thickness the packing fraction cannot exceed the maximum value of . = 0.6 for
hexagonal dense sphere packing, compare e.g. [31,32]. In practice, this value is smaller, in
previous experiments with Al,O3 pebbles [32] with a comparable diameter spread as in the present
1 mm pebble experiments, the value 72 = 0.5 was determined. The packing fraction in the inner,

non-disturbed volume y is then approximately determined by
7= (V- yVar)/Vi  (7),

where yis the packing fraction determined with the total packing volume V, V4 is the volume of all
wall layers with d/2 thickness and V; = V-Vy». For the present setup and 1 mm pebbles y is
increased by only = 0.007 compared to y, for the smaller Osi pebbles this difference is even
smaller. The differences can become remarkably greater for larger particles and slender

containers.

Although the effect of the HW volume on the packing fraction is negligible it is worth to mention that
the HW with a diameter ratio of pebble to HW diameter of = 1 represents also a distinct disturbance



of the packing structure as demonstrated in [31]. Again, the effect of this disturbance on the HW

temperature signal disappears after the short initial measurement period, compare Section 3.2.

The packing fractions of the vibrated pebble beds were between 0.615 and 0.635. No distinct
differences between the different granular materials were observed despite of the different pebble

morphologies shown in Figs. 3 and 4. More detailed experiments with a larger set-up are desirable.
3.4 Effective thermal conductivity for water and non-compressed pebble beds

Table 2 contains results for the measured effective thermal conductivity for non-compressed
pebble beds, ko, as well as corresponding values found in literature, k.r. For Be-7.7Ti and Al,O3
pebble beds, no other measurements were found, therefore, the Schillinder-Bauer-Zehner model,
SBZ model [33] was applied which was already chosen as basis in previous work [11,12].
However, a slightly modified version was used, SBZmod, by evaluating the SBZ parameter B with
the correlation from [34], according to the recommendation by [35]. Furthermore, the value of the
SBZ parameter px? was selected to 0.00005 for non-compressed pebble beds, as proposed
previously by several authors, see e.g. [17,21]. For applying the SBZmod model for Be-7.7Ti
pebble beds, the value for single-phase TiBe1, was assumed [7]. The SBZ model values given in
Table 2 were evaluated for y = 0.625 and T = 20°C.

Table 2: Non-compressed pebble beds: Effective thermal conductivity from other references or
SBZmod model, k. and ratio of mean value of measured ko to kier .

helium, 0.1MPa air, 0.1MPa

d kref, Ref feref Ref
Mat mm | W/(mK) ko/krer | W/(mK) ko/krer
Be-7.7Ti | 1.0 1.64* SBZmod 0.97
Be 1.0 | 1.97, SBZmod, 1.05 |0.74, SBZmod | 1.18
AlLO; 1.1]1.55, SBZmod 0.96 |0.49,SBZmod | 0.71
Osi 0.34 ] 0.89, [21] 1.10 0.38, [21] | 0.90
water: krer=0.607 W/(mK), [19]; ko/krer=1.27

*with ks for TiBei2

Figure 7 shows k/k.r for water and non-compressed pebble beds as a function of the HW electric
current /. A clear dependency on / is not observed. The largest deviations exist for water with the
mean value of k/0.608=1.29. The reason for these large deviations is unclear; perhaps caused by
free convection flow effects, which might more easily occur using horizontal HWs; in [22] a mean
value of 1.09 was measured with a vertical HW probe. For Be-7.7Ti the mean k value agrees fairly
well with that of the SBZ model. Therefore, one can assume that k; for Be-7.7Ti does not differ
significantly from that for TiBe12. For Be and Al.O3 pebble beds in helium the agreement is also
satisfactory. In [15], k = 2W/(mK) was obtained for Be pebble beds which agrees even better with
the present results. For Al2O3 pebble beds in helium; one value, k = 1.7 W/(mK), was given in [21]
which is even larger than the present measurements. For Osi pebble beds, the measurements

agree reasonably with the correlations [22,23] both for helium and air atmospheres.
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Fig. 7. ko/krr for water and non-compressed pebble beds as a function of the HW electric current /.

Summiarizing the results, it can be stated that for non-compressed pebble beds where
comparisons are possible with data from other work, the agreement between measurements and
results from other references is satisfactory, considering the restrictions of the used set-up,
compare Section 2. All data points in Fig.8 are mean values of the two TCs. The estimated value of

the measurement error for the used measurement system is estimated to 15%.
3.5 Stress-strain dependence of compressed pebble beds

Both experiments without compression and with compression were performed within the glovebox.
In the latter case, the pebble beds were compressed by the piston of a press up to pressures of
about 4.5 MPa. Maximum ramp rates were of 0.3 MPa/min. In UCTs, the piston pressure
corresponds to the uniaxial stress o; therefore, the latter term is used in the following. The o values
were increased stepwise and k was measured after each step. The number of k measurements was
larger for the first stress increase period which is of special importance for blanket operation,
compare [13,14]. After reaching the maximum o value, owas decreased stepwise to low values and
two more cycles were carried out, again always in combination with HW measurements. In total,
more than 20 compression tests were performed; experimental results with remarkably differing

individual strain signals were discarded.
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Fig. 8. Stress-strain curves for Be-7.7Ti, Be, Al,O3 and Osi pebble beds.

Figure 8 shows characteristic c— curves for the different granular materials. Relatively small
differences are observed and clear trends could not be attributed to the specific materials because
the packing fraction varied as well. The curves are quite close to those measured previously using

a larger set-up [13,14]. The first stress increase curve for Be-7.7Ti is fitted by:
o(MPa) = 7.435(%)%%" (8).
3.5. Effective thermal conductivity for compressed pebble beds: first stress increase period

During the first stress increase period, pebbles rearrange and are subjected to elastic/plastic
deformations. In earlier work with Be pebble beds [13,14], as prime parameter the strain & was
considered and the important result was that k increased linearly with & This behavior is also
evident in Fig. 9 with k/ko as ordinate, where ko is the value for the non-compressed pebble bed.
The data scatter is partly caused by the fact that results are exhibited from several experiments
with slightly differing packing fractions. The most significant result is, that for Be pebble beds the
increase of k/ko during compression is much greater than for Be-7.7Ti pebble beds.
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In the following figures, as abscissa the uniaxial stress o is used which eliminates the influence of
different o—¢ relations for the different granular materials. Figure 10 represents results for all

materials. Again, only Be pebble beds show a drastic increase of k with stress o.
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Fig. 10. Effective thermal conductivity as a function of stress.

Figure 11 depicts in more detail the results for moderate k values. For Osi pebble beds, the
increase of k is negligible as measured first by [36] and confirmed recently by [22]. Be-7.7Ti pebble

beds show a moderate increase, with k/ko = 1.5 at o= 4MPa; the data are fitted by:

k/ko= 1+0.2750%41 (9 ).



Compared to Be-7.7Ti, for Al,O3 pebble beds, the increase is even smaller.
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In order to describe the differences between the different materials, the SBZ model [33] is used in
combination with the correlations for Be pebble beds from previous work [13,14]. Here, the primary

correlation was given as k=f(T,¢). In the SBZ model, the compression is taken into account by the
parameter px2 which is the ratio of contact surfaces between pebbles to the pebble cross section.

This parameter was fitted [13,14] as a function of strain by
o2 =0.0041 %) + 0.0021 £(%)? . (7).
With the o—¢relation for the first stress increase curve [13]:
o(MPa) = 5.41¢(%)"%, (8),
pi is expressed as a function of o
o2 =0.001266%7+ 0.000205"-3° (9).

In Fig. 12, k/ko is evaluated for different values of ks corresponding to those given in Table 1, for

helium atmosphere at ambient temperature. It is demonstrated that the increase of k/k, with
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Fig. 12. Conductivity ratio k/ko for different ks values.

increasing deformation reduces strongly with decreasing ks. The agreement with measurements is
also good for the present Be pebble bed experiments. For the other materials, the curves are
generally higher than the measurements, especially for the Be-7.7Ti pebble beds. It should be
repeated again, that the calculated curves are based on previous correlations for the more ductile
Be pebbles. The differences between calculated curves and measurements for the Be-7.7Ti and
AlO3 pebble beds can be caused by the harder behavior of these materials, resulting in smaller
contact surfaces compared to Be pebbles. For single phase TiBe12 pebble beds the results might
be slightly lower because these pebbles are expected to be even more brittle than the Be-7.7Ti

ones.

The results from Fig. 12 are also of significance for the use of other beryllides: As long as ks is
significantly smaller than that of Be, the increase of k with increasing stress is strongly reduced.
For VBe12, ks=29 W/(mK) was used in [8]; a value of 38 W/(mK) was measured in [7]; therefore

k=f(o) is expected to be similar to that of Be-7.7Ti pebble beds.

Figure 10 shows also results for compressed Be pebble beds in air atmosphere. Compared to Be
pebble beds in helium, the differences for small ¢ values are large because of the large difference
between the thermal conductivities of two gases. With increasing compression, the measured

differences reduce because again the heat transfer through the pebble contact surfaces becomes

dominating.

3.6. Effective thermal conductivity for compressed pebble beds: cycling behavior



During the first stress decrease period and the following cycles mainly elastic deformation changes
occur. However, zones of blocked pebble arrangements might still exist during the stress decrease
periods with the consequence that the k/ko values as a function of o are generally larger than the
values for the first stress increase period. This effect was already observed for Be pebble beds
[13,14] and exists also in the Be-7.7Ti experiments, as shown in Fig. 13. At omax, the k value
obtained at the end of the first stress increase period is again reached at the end of subsequent
cycles. This will change if at elevated temperatures thermal creep effects occur, compare [13,14].
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Fig. 13. Effective thermal conductivity for compressed Be-7.7Ti pebble beds during cycling.

4. Conclusions

The thermomechanical behavior of Be-7.7Ti pebble beds was investigated at ambient temperature
in helium. The pebbles consist of a mixture of Be, and TiBe1, and Ti-Be+- titanates with volume

fractions of 11%, 40%, and 49%, respectively.

For purposes of comparison, experiments in air and helium atmosphere were conducted also with
Be, Al203 and Osi pebble beds. The stress-strain curves from UCTs do not differ significantly for
the different granular materials in contrast to the effective thermal conductivity k. The k increase for
Be-7.7Ti pebble beds with increasing stress is significantly smaller compared to Be pebble beds.
For the uniaxial stress of 4 MPa, the increase is = 60% compared to 600% for Be pebble beds. The
main reason for this large difference is the much lower thermal conductivity of solid material Be-
7.7Ti compared to Be. The greater mechanical hardness of the Be-7.7Ti pebbles can be also a

contributing factor, which results in smaller contact surfaces.



It is argued that for single phase TiBe12 pebble beds no remarkably different results are expected.
Because of the expected harder behavior compared to Be-7.7Ti pebbles, the effective thermal

conductivity might be slightly smaller.

For other beryllides with thermal conductivities ks significantly smaller than that of Be, also small
increases of k with increasing stress are expected. For VBe12, ks is close to the value of TiBe1y;

therefore, k = f(o) is expected to be similar to that for Be-7.7Ti pebble beds.

It was argued that the use of Be-7.7Ti instead of single phase TiBe1, should not result in a
remarkably deteriorated behavior in respect to tritium retention and neutron irradiation induced
swelling, instead, pebble ductility and density might be superior. These issues should be discussed
in more detail including also other mechanisms where single phase beryllides show a superior
behavior compared to Be in order to decide if a subsequent heat treatment of the Be-7.7Ti pebbles
is advisable.

Corresponding investigations with Be-7.7Ti pebble beds at elevated temperatures are in

preparation.
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