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Titanium beryllide (TiBe;s) is a candidate neutron multiplier material for breeding blanket concepts in fusion
reactors. In this study, thermal cycling experiments were performed on TiBe; 5 blocks using induction heating and
water cooling to investigate the response to transient thermal loading. Thermal cycling of a one-piece hexagonal
TiBejy block resulted in fracture during the first heating cycle, attributed to non-uniform induction heating
associated with the closed-loop block geometry. In contrast, a block subdivided into 12 TiBej2 segments with-
stood 205 heating and cooling cycles between approximately 360 and 920°C without macroscopic cracking or
fracture.

Additional experiments showed that TiBe; 5 segments tolerate heating rates up to 1.1-1.3 K/s and cooling rates
of about 1.2 K/s without failure. The results demonstrate that block segmentation significantly improves thermal
cycling stability and provide experimental data for validation of thermo-mechanical models of beryllide blanket
components under reactor-relevant transient conditions.

Introduction

Within the helium-cooled pebble-bed (HCPB) breeding blanket
concept developed for the DEMO fusion reactor, solid titanium beryllide
(TiBe;2) blocks are considered as candidate neutron multiplier material
[1]. Compared with conventional beryllium pebble beds, block-type
TiBe;, components offer advantages in terms of industrial-scale fabri-
cation and structural integrity [2-4]. Furthermore, titanium beryllide
exhibits lower chemical reactivity with air and steam, a higher melting
temperature, high compressive strength maintained at elevated tem-
peratures, a potentially higher allowable operating temperature,
enhanced radiation resistance, and reduced tritium retention under
neutron irradiation [5-11].

Intermetallic compounds are generally characterized by high hard-
ness and limited ductility, which often results in brittle fracture
behavior. This intrinsic material characteristic is of particular relevance
for TiBe;s, as neutron multiplier blocks in pulsed fusion reactors are
subjected to repetitive and rapid thermal transients. Such conditions
may induce significant thermally generated stresses, promoting crack
initiation and propagation in materials with low ductility and fracture
toughness, as reported for titanium beryllide and other intermetallic
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systems [11-15]. To address these concerns, thermal cycling experi-
ments on TiBejs blocks have been proposed to reproduce DEMO-
relevant thermal loading conditions expected in fusion blanket appli-
cations. The present study pursues two primary objectives. The first
objective is to investigate the influence of rapid heating and cooling, as
well as the effect of block size and geometry, on crack formation and
fracture behavior. The second objective is to experimentally validate the
temperature distributions obtained from numerical simulations. This
validation enables assessment of the thermophysical and thermo-
mechanical material properties employed in the simulations and sup-
ports verification of the applied computational models and codes. In this
work, the results of thermal cycling experiments performed on TiBe;2
blocks are presented. Particular emphasis is placed on in-situ tempera-
ture measurements, heating and cooling rates, and the evolution of
material behavior during repeated thermal cycling.

Materials and experimental techniques
The thermal cycling experiment was designed to reproduce the most

critical thermal loading conditions expected for titanium beryllide
neutron multiplier blocks in HCPB breeding blanket of the DEMO fusion
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reactor. According to the DEMO plasma pulse parameters, each pulse
consists of ramp-up and ramp-down phases of 87.5 s and a full-power
flat-top phase of 7200 s (Fig. 1) [16]. The first blanket modules are
expected to operate for approximately 8000 plasma pulses over their
service lifetime. This estimate is based on an assumed exposure of two
full-power years and the DEMO pulse duration considered in this work.
One pulse corresponds to approximately 2.22 h, resulting in about 8000
cycles for two full-power years of operation. While the quasi-stationary
thermal conditions during the flat-top phase are not expected to be
critical for TiBejs, the rapid temperature changes occurring during the
start-up and shutdown phases represent the most demanding thermal
loading for this brittle intermetallic material. Thermal analyses of the
HCPB blanket indicate that the most heavily loaded TiBe;s blocks
experience cyclic temperature variations in the range of approximately
370-920°C during reactor operation. To enable a clear comparison be-
tween reactor-relevant thermal loading and laboratory conditions, the
temperature evolution of the most loaded block during a DEMO pulse
was considered (Fig. 2a). For visualization purposes, the full-power flat-
top duration was reduced to 600 s, allowing the heating and cooling
transients to be resolved more clearly. The same figure also shows the
simulated evolution of the peak temperature inside a TiBe;, block for
the thermal cycling experiment design described below. The thermal
cycling profiles derived from the DEMO-relevant simulations resulted in
cycle durations of approximately 8000 s when the full flat-top phase was
retained. Such long cycles are impractical for laboratory testing; there-
fore, the flat-top duration was shortened while preserving the heating
and cooling rates associated with the most critical phases of reactor
operation. The resulting accelerated thermal cycle is shown in Fig. 2b
and was used as the reference temperature-time profile for the experi-
mental program.

The experimental concept is based on induction heating combined
with internal water cooling. Induction heating was selected as the
heating method because it allows rapid heating rates that are difficult to
achieve in conventional resistance furnaces. In addition, induction
heating provides more volumetric heat generation within electrically
conductive materials due to eddy currents induced by the alternating
magnetic field, which offers a qualitative similarity to the volumetric
nuclear heating expected under neutron irradiation in DEMO. Water
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cooling was preferred over air or helium cooling owing to its higher heat
transfer efficiency and the absence of pressurized gas loops, which
simplifies the experimental setup.

According to the experimental design, hexagonal TiBe;, blocks with
a diameter of 144 mm and a height of 100 mm were selected for thermal
cycling tests (Fig. 3). The block height was chosen primarily for ease of
manufacture, as the HCPB blanket concept does not impose strict con-
straints on the axial length of individual neutron multiplier blocks [1].
The TiBe;y blocks were manufactured at the Ulba Metallurgical Plant
(UMP) using an industrial powder-based fabrication route developed
previously for DEMO blanket applications [2]. The process is based on
vacuum hot pressing of TiBe;s powder, enabling the production of
dense, large-scale blocks suitable for handling and testing. Two full-size
hexagonal TiBe;, blocks were fabricated using this technology and were
employed in the present study (Fig. 4).

A dedicated thermal cycling facility was developed based on pre-
liminary experiments and numerical simulations. A schematic view of
the experimental concept is shown in Fig. 5. The TiBe;2 block was placed
vertically inside a magnetic field generated by an induction coil. Cooling
was provided by a stainless-steel pressure tube inserted into a central
cylindrical channel machined in the block. The pressure tube had an
outer diameter of 78 mm and was inserted into an 80 mm diameter hole,
resulting in a 1 mm helium-filled annular gap between the tube and the
block. This gap was introduced to compensate for the difference in
thermal expansion between the TiBej blocks and the stainless-steel
pressure tube while maintaining mechanical decoupling, consistent
with the gap concept employed in the HCPB blanket design of DEMO
[1]. The stainless-steel pressure tube contained a central bore with a
diameter of 35 mm for water cooling at a mass flow rate of 0.2 kg/s and a
pressure of 1 bar (Fig. 6a,b).

To maintain sufficiently high water flow velocity and efficient heat
transfer while limiting the total water consumption, a stainless-steel
insert rod with a diameter of 25 mm was placed concentrically inside
the tube (Fig. 6¢,d). Stainless steel SS316L was selected as the pressure
tube material due to its relatively low thermal conductivity compared
with EUROFER97, which promotes higher surface temperatures of the
tube and thereby facilitates the heating of the surrounding TiBe; 5 block.
Temperature monitoring was performed using five thermocouples
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Fig. 1. The generated power of DEMO at the beginning and at the end of each pulse.
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Fig. 2. (a) Maximum temperature evolution of the most loaded TiBe; block during plasma pulse in DEMO (orange), during simulated pulse using induction heating
and water cooling (blue), and (b) during accelerated pulse using induction heating and water cooling with reduced heating time at maximum temperature. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Schematic drawing of the hexagonal TiBe;, block used for the thermal cycling experiment.

Fig. 4. Two full-size TiBe;» blocks manufactured at the Ulba Metallurgical Plant and used in the thermal cycling experiments.

located on the outer edge and flat surface of the hexagonal block, on the and handling TiBej, blocks. An industrial induction furnace operating at

inner surface of the central channel, on the outer surface of the pressure a frequency of 2400 Hz was employed.

tube, and at the outlet of the cooling water. The upper surface of the

block was covered with thermal insulation to reduce heat losses (Fig. 5).
The induction heating experiments were conducted at UMP, which

possesses the necessary infrastructure and experience for manufacturing

The induction heating experiments were conducted at UMP, which
possesses the necessary infrastructure and experience for manufacturing
and handling TiBe;; blocks. An industrial induction furnace operating at
a frequency of 2400 Hz was employed. The electromagnetic penetration
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depth was estimated using the classical skin-depth relation & = (2/
mpo)l/ 2 [17], where ® = 2nf, B &~ pp assuming non-ferromagnetic
behavior of TiBejs, and ¢ is the electrical conductivity. Using the
room-temperature electrical conductivity of TiBe;s, 6 = 5.1 X 10° S/m
[2], the penetration depth at 2400 Hz is approximately 4.5 mm. Phys-
ically, this value corresponds to the characteristic depth at which the
induced current density and electromagnetic field decrease by a factor of
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e compared with their surface values.

The furnace chamber, with an inner diameter of approximately 1200
mm, can be evacuated and backfilled with helium and is equipped with
ports for water cooling, temperature measurements, and visual obser-
vation (Fig. 7a). The inner volume of the induction coil, approximately
400 mm in diameter and 270 mm in height, was sufficient to accom-
modate the thermal cycling assembly. The facility was assembled inside
the furnace chamber, with magnesite used for the furnace hearth and
corundum-based materials for the upper insulation (Fig. 7b,c). Thin
layers of kaolin fabric were placed locally between the TiBe;2 block and
the steel pressure tube to prevent unintended contact during thermal
cycling. After assembly, the chamber was evacuated, purged several
times with high-purity helium, and finally filled with helium to atmo-
spheric pressure.

Results and discussion
Thermal cycling of a one-piece hexagonal titanium beryllide block

After completion of all preparatory steps and verification of water
and helium tightness, the thermal cycling experiment of a one-piece
hexagonal TiBe;; block was initiated. At the initial stage, a trial heat-
ing procedure was performed in order to establish the relationship be-
tween the electrical parameters of the induction power supply and the
temperatures measured at the selected control points. Prior to heating,
the furnace chamber was evacuated to remove air, then purged several
times with helium up to a pressure of approximately 0.3 bar, followed by
repeated evacuation. Afterward, the chamber was filled with helium to a

Fig. 6. Stainless steel pressure tube: (a) front view, (b) side view showing a 35 mm diameter hole, (c) side view showing an inserted steel stick, (e) pre-assembly with

installation of thermocouples.
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Fig. 7. Thermal cycling facility for TiBe;, block testing: (a) induction furnace used for thermal cycling experiments;(b) TiBe;, block installed with the stainless-steel
pressure tube inside the induction furnace; (c) assembled thermal cycling setup before closing the chamber for evacuation and subsequent filling with helium.

pressure of 1 bar. The cooling water mass flow rate was set to 0.2 kg/s
and was continuously monitored and adjusted during the experiment.
During the initial heating stage, the block heated relatively slowly and in
an apparently uniform manner. However, already during the first
heating cycle, at a block temperature of approximately 400°C, a pro-
nounced acoustic emission was detected, indicating the onset of
cracking. Despite this observation, the heating was continued up to a
maximum temperature of 800°C. No further acoustic events were
recorded before reaching this temperature. Afterward, the system was
allowed to cool down for subsequent inspection.

Fig. 8 presents the temperature evolution recorded by the thermo-
couples during the first heating cycle. At the minimum inductor power,
the maximum temperature measured by thermocouple T1, corre-
sponding to the outer edge surface of the block, was approximately
350°C. With successive discrete increases in inductor power, the tem-
peratures on the block surface and on the stainless-steel pressure tube
increased accordingly, reaching a maximum block surface temperature
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Fig. 8. Thermocouple readings during the first heating cycle of the titanium
beryllide block: T1 — outer block surface at the edge; T2 — outer surface of the
stainless-steel pressure tube; Tw — outlet water temperature; Ts — simulated
temperature pulse with induction heating and water cooling and reduced dwell
time at peak temperature (Fig. 2b).

of about 800°C. Induction heating of the block resulted in only minor
heating of the cooling water, with the outlet temperature rising from
approximately 15°C to 22°C. The average heating rate of the block outer
surface was approximately 0.11 K/s, which is significantly lower than
the maximum heating rate of about 0.8 K/s assumed in the simulated
DEMO pulse (Fig. 2b). Short-term heating rates of up to 0.3 K/s were
observed during stepwise changes of the inductor power. No distinct
temperature anomalies were detected around 400°C, despite the audible
cracking observed at this stage. The outer surface of the stainless-steel
pressure tube heated more slowly than the TiBe;s block; at a block
surface temperature of 800°C, the temperature difference between the
block surface and the tube surface was approximately 200°C, with the
tube surface reaching a maximum temperature of about 600°C. After the
inductor power was switched off, the block surface temperature
decreased from 800°C to 350°C within approximately 780 s.

Post-test inspection of the block after opening the furnace chamber
revealed that it had fractured into nine large fragments (Fig. 9). The
block fractured predominantly along four radial cracks located in the
thinnest region of the block wall. In addition, at least one crack
extending approximately along the mid-height of the block was
observed on the lateral surfaces (Fig. 9¢). The fracture surfaces appeared
clean and did not show visible defects such as porosity or foreign in-
clusions (Fig. 9d).

Based on the observed fracture pattern and the thermal history of the
experiment, several possible causes of the block failure were initially
considered. These included excessive thermal stresses generated during
heating, intrinsic brittleness of the material, and the influence of block
geometry on the induction heating conditions. However, no macro-
scopic defects, porosity, or foreign inclusions were detected on the
fracture surfaces, which appeared clean and characteristic of brittle
failure. Moreover, previous thermal cycling experiments performed on
smaller TiBe;, specimens as well as on more massive components
manufactured using the same production route did not result in crack
formation. This indicates that neither the intrinsic brittleness of the
material nor the applied heating rates alone are sufficient to explain the
observed fracture of the one-piece hexagonal block. Consequently, the
dominant factor was attributed to the specific geometry of the block
under induction heating. Owing to its closed-loop configuration, strong
eddy currents are induced along the outer perimeter of the solid block,
resulting in pronounced surface-localized heating. In contrast, the cen-
tral regions of the block are heated predominantly by thermal
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Fig. 9. TiBe;, block after a single heating and cooling cycle: (a) after opening the furnace chamber, (b) after removal of the pressure tube, (c) lateral surface cracks,

(d) separated block fragments.

conduction. This leads to steep radial temperature gradients and,
consequently, to large thermal stresses arising from differential thermal
expansion between the rapidly heated outer surface and the cooler
interior. These stresses are considered to exceed the fracture strength of
TiBejg, leading to crack initiation and propagation during the first
heating cycle.

To further assess the role of geometry and current distribution, a
follow-up experiment was performed using the fractured block itself.
The nine large fragments formed after the initial failure were reas-
sembled and mechanically fixed using a nickel-chromium wire, forming
a discontinuous block assembly. The reassembled block was then sub-
jected to two additional heating and cooling cycles in the same induction
heating setup (Fig. 10a).

Post-test inspection revealed that no further fragmentation of the
block occurred during these additional cycles (Fig. 10b-d). However,
localized bright spots were observed on the lateral surfaces at the con-
tact regions between individual fragments. These features are attributed
to electrical sparking caused by induced currents flowing along the outer
circuit of the assembled block, leading to localized overheating and
minor surface damage.

Taken together, these results suggest that the fracture of the original
one-piece hexagonal TiBejs block is most likely associated with its
closed-loop geometry under induction heating, rather than with an
intrinsic limitation of the material itself. Under such conditions, eddy
currents are expected to be concentrated along the outer perimeter of
the block, potentially leading to strongly non-uniform surface heating

and the development of high thermal stresses. In contrast, under the
operating conditions of the DEMO HCPB blanket, heating is expected to
occur volumetrically due to neutron irradiation, resulting in a signifi-
cantly more uniform temperature distribution within the material. On
this basis, it was hypothesized that thermal cycling of a solid TiBe;2
block in an induction furnace may not adequately reproduce the thermal
loading conditions expected in a fusion reactor blanket. This consider-
ation motivated a modification of the experimental approach and the
development of an alternative block configuration for subsequent ther-
mal cycling experiments.

It should be emphasized that induction heating was selected as a
compromise approach capable of reproducing rapid thermal transients
under controlled helium atmosphere conditions. Conventional resis-
tance heating would provide substantially slower heating rate and
would therefore not allow reproduction of DEMO-relevant transient
conditions. Alternative approaches, such as electron-beam heating,
would introduce excessive local power densities and are difficult to
implement in a closed helium-filled chamber with integrated internal
cooling. For this reason, induction heating combined with water cooling
was considered the most practical experimental solution for the present
study.

Nevertheless, the experiments revealed important limitations of this
approach. In order to achieve sufficiently rapid heating rates, relatively
high induction power had to be applied. Under such conditions, heat
generation becomes strongly localized near the outer surface of the
TiBejo block due to eddy current concentration and limited
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Fig. 10. Fractured TiBe;, block during and after repeated thermal cycling: (a) inside the induction furnace, (b-d) surface appearance after two additional cycles.

electromagnetic penetration depth. According to conservative esti-
mates, the effective penetration depth under the applied experimental
conditions is limited to only several millimeters (8~4.5 mm), whereas
the minimum wall thickness of the one-piece block is 22.5 mm. As a
consequence, the outer regions of the block experience rapid ohmic
heating, while the central part is heated predominantly by thermal
conduction, leading to the formation of too large radial temperature
gradients and correspondingly high thermal stresses.

Under actual DEMO blanket conditions, neutron heating is expected
to occur volumetrically throughout the neutron multiplier block,
although some temperature gradient will still exist due to neutron
attenuation and the gradual reduction of nuclear heating from the first-
wall side toward the backplate of the blanket. However, these gradients
are expected to be substantially smaller than those generated under
induction heating conditions. Therefore, the present induction heating
experiments may be regarded as a conservative thermal loading sce-
nario. If TiBe;5 blocks are capable of withstanding such severe surface-
localized heating without fracture, their behavior under more homo-
geneous volumetric neutron heating is expected to be more favorable. At
the same time, the fracture of the one-piece TiBe; block demonstrates
that such conservative thermal loading conditions cannot be tolerated
by a solid closed-loop geometry. This observation motivated the modi-
fication of the experimental concept and the development of the
segmented block configuration investigated in the subsequent
experiments.

Thermal cycling of a segmented hexagonal TiBe;j, block

Based on the hypothesis that the fracture of the one-piece hexagonal
TiBe;s block was associated with its closed-loop geometry under in-
duction heating, an alternative experimental approach was proposed.
The main objective was to achieve a more uniform temperature distri-
bution within the block and to reduce thermally induced stresses by
subdividing the material into several electrically and thermally inde-
pendent segments. Such segmentation promotes more homogeneous
induction heating by creating multiple independent current paths and
simultaneously reduces thermal stresses during heating and cooling by
limiting the characteristic dimensions over which thermal expansion
mismatch can develop.

Fig. 11a illustrates an alternative design concept for titanium ber-
yllide blocks without a central hole, in which the space between steel
cooling tubes can be filled with blocks of more complex shapes. Such
blocks are simpler and more cost-effective to manufacture, as drilling of
a central channel is not required. However, direct thermal cycling of
complex-shaped blocks in an induction furnace is challenging, since
each cylindrical surface would require individual cooling, and the
presence of multiple steel tubes would significantly shield the magnetic
field and interfere with induction heating.

To overcome these limitations while preserving the essential geo-
metric features of the alternative block concept, a segmentation strategy
was adopted. Each complex-shaped block was conceptually divided into
three identical parts, and a hexagonal block was assembled from six such
segments. Fig. 11b shows the proposed sectioning scheme applied to the
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(d)

Fig. 11. Segmentation concept for thermal cycling of titanium beryllide blocks: (a) alternative design of TiBe;, blocks of complex shape without a central hole, (b)
proposed cutting scheme of a hexagonal block to simulate thermal cycling of blocks with alternative geometry, (c) block segments after cutting into 12 pieces, (d)

hexagonal block assembled from 12 TiBe;, segments.

second manufactured hexagonal TiBe;; block. The block was first cut
into six segments along the thinnest region of the wall. Since, in addition
to radial cracks, at least one crack had previously been observed near the
mid-height of the block (Fig. 9), further subdivision along the height was
introduced to investigate the influence of segment height on crack for-
mation. Specifically, two of the six segments were divided into two
pieces with a height of 50 mm, two segments were divided into three
pieces with a height of 33 mm, and the remaining two segments were
kept at the original height of 100 mm. As a result, a composed block
consisting of 12 individual TiBe;, segments was obtained (Fig. 11c,d).
To maintain a small gap between adjacent segments and to prevent
direct electrical contact and sparking, rods with a diameter of 1.5 mm
made of beryllium bronze (BrB2) were inserted between the segments
(Fig. 11d).

After installation of the composed block into the thermal cycling
facility, an initial heating test was performed. Unlike the initial experi-
ment with the one-piece block, where cautious heating conditions were
applied during the first trial cycle, the heating parameters for the

segmented configuration were subsequently adjusted in order to
approach the simulated DEMO transient conditions more closely. At the
maximum available inductor power, the block reached a temperature of
approximately 840°C after 35 min. Subsequent visual inspection
revealed that all segments retained their integrity (Fig. 12a). It was
assumed that the maximum attainable temperature was limited by
increased heat losses from the outer surface of the segmented block. To
reduce these losses, the lateral surface of the block was covered with an
additional 7 mm thick thermal insulation layer (Fig. 12b). Following this
modification, the required target temperatures were successfully ach-
ieved during heating (Fig. 12c).

The thermal cycling experiment was conducted continuously over a
total period of 26 days. A minimum of 200 cycles was selected in order to
complete the experimental campaign within a reasonable timeframe.
During operation, the segmented block was visually monitored through
the furnace window. Periodically, the chamber was opened and the
block was inspected either in assembled form or after partial or complete
disassembly. Due to increased helium diffusion at elevated
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Fig. 12. Thermal cycling of the segmented TiBe;, block: (a) assembled block after the first heating cycle, (b) block with additional lateral thermal insulation prior to

further testing, (c) block during heating.

temperatures, the helium atmosphere was replaced every two days as
the cooling rate gradually increased. In total, 205 heating and cooling
cycles were performed. Each cycle required continuous monitoring of
the inductor parameters and precise control of the water flow rate.

Temperature monitoring was carried out using five thermocouples.
The positions of thermocouples T1-T4 are shown in Fig. 13a, while an
additional thermocouple (Tw) measured the temperature of the cooling
water at the outlet. The inlet water temperature remained stable be-
tween 14 and 17°C. A representative temperature evolution during one
day of thermal cycling is shown in Fig. 13b. The inductor power was
adjusted such that the temperature at the outer edge of the hexagonal
block (T3) increased from approximately 360°C to 920°C within less
than 2000 s. Fig. 13c compares a typical heating and cooling cycle with
the simulated temperature profile shown in Fig. 2b. Overall, the total
duration of the thermal cycle achievable with the present experimental
setup is similar to that assumed in the simulated DEMO pulse. However,
differences in the transient behavior are evident. In the initial stage of
heating, the temperature increase is slower than in the simulated con-
ditions, followed by a period of more rapid heating, resulting in a
slightly shorter effective heating phase. In contrast, the cooling stage is
significantly slower than predicted by the simulation. These deviations
indicate that, while the current setup allows reproduction of the overall
temperature range and cycle duration, further modifications of the
experimental facility, particularly aimed at enhancing the cooling effi-
ciency, are required to more closely match the thermal transients ex-
pected under reactor-relevant conditions.

The temperature measured on the outer flat surface (T1) was
consistently slightly lower than that at the outer edge (T3), with dif-
ferences of 30-50°C depending on temperature. The temperature dif-
ference between the interior of the block (T4) and the outer surface did
not exceed 70°C at the end of the heating stage and 110°C at the end of
the cooling stage. These results indicate that segmentation of the block
leads to significantly more uniform induction heating compared with
the one-piece configuration.

A simplified order-of-magnitude estimate of thermally induced
stresses can be made using oy, ~ EaAT. Using E = 295 GPa and a =
7.6-8.8 x 10°® K! for TiBeyo [2,14], temperature differences of
70-110°C measured in the segmented block correspond to estimated
thermal stresses on the order of 150-300 MPa. For the one-piece block,
such an estimate cannot be made directly because the temperature on
the inner surface of the block wall was not measured during the first and
only heating cycle. Nevertheless, considering the estimated electro-
magnetic penetration depth of approximately 4.5 mm at 2400 Hz and
the minimum wall thickness of about 22.5 mm, it can be assumed that
significantly larger temperature gradients were generated in the one-
piece configuration. If a conservative characteristic temperature differ-
ence of approximately 300°C is assumed, the corresponding thermal
stresses may approach values on the order of 700-900 MPa. The
compressive strength of TiBep, is reported to be approximately 2000
MPa [8,10], whereas the tensile and bending strengths of brittle inter-
metallic materials are typically significantly lower, potentially by nearly
one order of magnitude. Therefore, localized tensile stresses generated
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Fig. 13. Temperature monitoring during thermal cycling of the segmented TiBe; block: (a) locations of thermocouples T1-T4, (b) representative temperature
evolution during one day of thermal cycling, (c) enlarged view of a single heating and cooling cycle compared with the simulated temperature profile from Fig. 2b.

during non-uniform induction heating could exceed the effective frac-
ture strength of the material and promote crack initiation during the first
heating cycle.

Although the minimum wall thickness remained similar in both the
one-piece and segmented configurations, segmentation substantially
altered the electromagnetic and thermal conditions during induction
heating. In the one-piece block, the closed-loop geometry promoted
concentration of induced currents along the outer perimeter, so that
only a limited near-surface region was directly heated by induced cur-
rents, while the inner part of the wall was heated mainly by thermal
conduction. In contrast, each segmented element formed a smaller in-
dependent current path and was exposed to induction heating from
several free surfaces. As a result, the ratio of directly heated near-surface
volume to the total segment volume increased, leading to a significantly
more homogeneous temperature distribution and lower thermal
stresses. Based on these considerations, it was assumed that the fracture
of the one-piece TiBejy block was primarily associated with localized
induction heating and the resulting thermal stress concentration, which
motivated the transition to the segmented block design.

Fig. 14a,b shows the condition of the TiBe; 5 segments after 17 and 60
thermal cycling cycles, respectively. In both cases, visual inspection
confirmed that the segments retained their integrity, and no cracks or
macroscopic defects were observed. After 114 cycles, complete disas-
sembly revealed that all segments were still intact and free of cracks
(Fig. 14c). However, minor chipping of small material pieces was
observed at the outer edges of some segments (Fig. 14d). This effect is
most likely associated with localized overheating caused by induced
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currents and occasional sparking at the interfaces between the TiBe;s
segments and the nickel-chromium wire used for mechanical fixation.
After reaching 202 thermal cycles, the block was inspected again
without full disassembly. All segments remained intact, and no surface
cracks were detected. Overall, the results demonstrate that segmenta-
tion of the TiBe;y block effectively suppresses crack formation during
thermal cycling under induction heating by reducing temperature gra-
dients and associated thermal stresses.

Additional thermal cycling experiments

After 202 thermal cycles, additional experiments were performed in
order to further characterize the thermal behavior of the segmented
TiBejo block and to assess the capabilities and limitations of the
experimental setup under enhanced heating and cooling conditions. In
particular, an approximate evaluation of the heating power delivered to
the block was carried out. The heating power was estimated based on a
thermal balance between the heat transferred to the cooling water and
the measured temperature difference between the inlet and outlet of the
stainless-steel pressure tube at a known water mass flow rate. Heat losses
from the top and side surfaces of the block, as well as from the pressure
tube, were not taken into account. To reduce these losses, the block was
covered with thermal insulation on the top and lateral surfaces.
Consequently, the obtained values represent the power transferred to
the cooling water and thus provide a lower-bound estimate of the
effective induction heating power of the TiBe;5 block.

The locations of thermocouples T1-T4 used for temperature
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Fig. 14. Condition of the segmented TiBe;, block after different numbers of thermal cycles: (a) TiBe; segments after complete disassembly following 17 heating and
cooling cycles, (b) segmented block after partial disassembly following 60 cycles, (c, d) segmented block after 114 cycles, including enlarged views highlighting

minor chipping at the segment corners.

monitoring are shown in Fig. 15a. The evolution of temperatures at the
control points, together with the outlet water temperature and the
corresponding estimated heating power, is presented in Fig. 15b. At the
minimum inductor power, a steady-state temperature of approximately
420°C was recorded by thermocouple T1, corresponding to a water
heating power of about 2.6 kW. With increasing inductor power, steady-
state temperatures of approximately 650°C and 920°C were achieved at
T1, corresponding to water heating powers of about 4.0 kW and 6.8 kW,
respectively. During these measurements, thermocouple T3 was found
to be displaced and to indicate the surface temperature of the steel
pressure tube rather than the inner surface of the composed block.
Immediately after the power evaluation experiments, the block was
subjected to additional heating at the maximum available inductor
power in order to increase insufficient heating rates. In this mode, the
block was heated from approximately 350°C to peak temperatures of
1000°C and 1100°C. The corresponding temperature evolution is shown
in Fig. 15¢c. Under these conditions, the estimated power transferred to
the cooling water reached values of approximately 10-11 kW. The
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maximum heating rates were 1.1-1.2 K/s, significantly exceeding the
heating rate assumed in the simulated DEMO pulse (0.8 K/s), whereas
the cooling rates remained substantially lower than those predicted by
the simulation.

The cooling rates achieved during thermal cycling of the segmented
TiBe;; block remained noticeably lower than those assumed in the
simulated DEMO pulse. This limitation is primarily associated with the
cooling conditions available in the present experimental setup. In the
DEMO HCPB blanket, heat removal is expected to occur through high-
pressure high-velocity helium flow, which can provide significantly
more intensive cooling of the multiplier blocks. Such cooling conditions
could not be reproduced in the present facility. At the same time, cooling
in the blanket remains inherently surface-dominated because heat
extraction occurs through the interfaces between the TiBe;j, blocks and
the surrounding cooled structures. Therefore, although the achievable
cooling intensity was lower than under DEMO-relevant conditions, the
qualitative nature of the cooling process remains relevant for studying
thermally induced stress development in TiBe; blocks.
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Fig. 15. Evaluation of heating power during thermal cycling of the segmented TiBe;5 block: (a) locations of thermocouples T1-T4, (b) temperature evolution of
thermocouples T1-T4, outlet water temperature Tw, and corresponding estimated heating power, (c) temperature evolution during heating to 1000-1100°C at

maximum inductor power compared with the simulated pulse from Fig. 2b.

To further investigate the cooling capability of the setup and to
simulate potential displacement of blanket components, an additional
experiment was performed in which two TiBe;, segments with a height
of 100 mm were placed in direct contact with the water-cooled stainless-
steel pressure tube, positioned opposite each other. The experimental
configuration during heating is shown in Fig. 16a. Two thermal cycles
were conducted: a gradual heating cycle followed by a cycle at
maximum inductor power. The corresponding temperature evolution is
presented in Fig. 16b.

Even under these conditions, the maximum temperature on the
segment surfaces did not exceed approximately 770°C, while the tem-
perature at the TiBe; / steel interface reached about 530°C, resulting in
a temperature gradient of up to 220°C across the segment thickness. The
maximum heating rate of the segment outer surface reached 1.3 K/s,
exceeding the simulated value, whereas the maximum cooling rate
remained limited to about 1.2 K/s, still lower than the simulated cooling
rate of 1.33 K/s. The total cooling time from 770°C to 370°C was
approximately 700 s, compared with about 500 s in the simulation.
These results indicate that even direct contact with the water-cooled
steel pressure tube does not provide sufficiently rapid cooling to fully
reproduce the simulated thermal transients. At the same time, the
experimentally obtained temperature gradients and heating and cooling
rates provide valuable reference data for the validation and refinement
of thermo-mechanical simulations. The observed discrepancies between
experimental and simulated cooling behavior suggest that further opti-
mization of the cooling configuration or revision of the assumed
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boundary conditions may be required in order to achieve closer corre-
spondence with reactor-relevant thermal transients.

After completion of all experiments, corresponding to a total of 205
heating and cooling cycles (including three additional cycles for power
assessment and high-temperature heating), the TiBe;s segments were
fully disassembled and inspected (Fig. 17). All segments retained their
structural integrity, and no cracks were observed. Minor chipping of
small material pieces was detected at the outer edges and corners of
some segments, particularly in regions exposed to electrical contact with
the nickel-chromium fixation wire and the BrB2 spacer rods (Fig. 17a).
These effects are attributed to localized overheating and occasional
sparking associated with induced currents. In contrast, the surfaces
facing the stainless-steel pressure tube remained unchanged (Fig. 17b).
Segments with a height of 100 mm did not exhibit cracking, indicating
that further reduction of block height is unlikely to provide additional
benefit in reducing thermal stresses during thermal cycling. A detailed
microstructural characterization of the TiBe;s segments will be per-
formed in subsequent work to clarify the mechanisms responsible for the
observed surface chipping and to quantify the effect of thermal cycling
on the microstructure and mechanical properties. The obtained results
will contribute to the validation of thermo-mechanical material prop-
erties and numerical models relevant for fusion blanket applications.

Conclusions

Thermal cycling experiments were conducted on titanium beryllide
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Fig. 16. Thermal cycling of two TiBe;, segments (100 mm height) in direct contact with the stainless-steel pressure tube: (a) experimental assembly during heating,
(b) temperature evolution, where T1 is the segment outer surface temperature, T2 the temperature at the TiBe;,-steel interface, T3 the temperature of the free surface
of the steel tube, Tw the outlet water temperature, and Ts the simulated temperature profile from Fig. 2b.

(b)

Fig. 17. TiBe;» segments after 205 heating and cooling cycles: (a) outer segment surface, (b) segment surface facing the stainless-steel pressure tube.

(TiBe;2) blocks using induction heating and water cooling to simulate
transient thermal loading relevant to the DEMO HCPB blanket concept.
Thermal cycling of a one-piece hexagonal TiBej, block resulted in
fracture during the first heating cycle, which is attributed to strongly
non-uniform heating caused by the closed-loop geometry of the solid
block under induction heating and the resulting high thermal stresses
near the outer surface. An alternative segmented block configuration
was therefore investigated. The second hexagonal TiBejy block was
subdivided into 12 segments, forming a composed block with reduced
electrical and thermal continuity. This configuration enabled more
uniform induction heating and effectively reduced thermal stresses. The
segmented block successfully withstood 205 heating and cooling cycles
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without macroscopic cracking or fracture.

During thermal cycling, maximum surface temperatures of approx-
imately 920-930°C and minimum temperatures between cycles of
350-370°C were achieved. Compared with the simulated DEMO pulse,
heating occurred somewhat faster, whereas cooling was on average
slower. Nevertheless, the achieved temperature range and cycle dura-
tion were sufficiently close to reactor-relevant conditions to provide
meaningful insight into the thermal response of TiBejs.

Additional experiments showed that TiBe;y segments did not frac-
ture at heating rates up to 1.1-1.3 K/s, even at maximum inductor
power. Cooling rates of approximately 1.2 K/s, achieved with direct
contact with a water-cooled stainless-steel pressure tube, also did not
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induce cracking. These results indicate that TiBe;5 exhibits good resis-
tance to rapid thermal transients provided that internal temperature
gradients are limited.

Minor chipping of near-surface regions was observed at segment
edges and corners after extended cycling, likely related to localized
overheating and electrical sparking associated with experimental fixa-
tion elements rather than to bulk thermal loading. Such effects are not
expected under reactor-relevant volumetric neutron heating. Overall,
the results demonstrate that segmented TiBej blocks can withstand
cyclic exposure to temperatures between approximately 360 and 920°C
for at least 205 cycles.
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