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In future demonstration fusion power plants, plasma facing components will face high steady state and ultra-high 

transient heat loads from the plasma. Introducing low thermal conductivity features to the component can reduce the 

peak temperatures seen by the coolant pipe during transient loads, but at the trade-off of a loss of steady-state 

performance. Producing low-conductivity tungsten by additive methods has been investigated elsewhere, so this trial 

investigates production through subtractive means i.e., conventional milling. This method preserves the original 

temperature limits and majority of the microstructure, and is much higher TRL so requires less development to reach 

series manufacture. In this trial, diamond drilling produced holes in monoblocks down to 0.6 mm and ligaments down 

to 0.7 mm, showing thermal conductivity reductions of 15% to 40%. One monoblock assembly was tested up to 1100 

°C for 500 cycles in the HIVE High Heat Flux test rig and showed no signs of ligament cracking or thermal 

degradation. Electromagnetic modelling has been validated against the experimental results, so future designs can be 

accurately modelled ahead of testing in HIVE. 
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1. Introduction 

Plasma-Facing Components (PFCs) optimised for 

steady-state operations require high thermal conductivity 

in order to minimise component temperatures for a given 

heat flux.  

However, for components with significant transient 

heat flux requirements, such as Limiters, a low-

conductivity component is desirable. Low thermal 

conductivity features increase the transit time for a 

conducting transient thermal wave, which reduces the 

peak temperatures seen ‘downstream’ of the feature and 

therefore reduces the peak temperature seen by the 

coolant pipe [1]. This is essential in Limiters, where 

Vertical Displacement Event (VDE) loads are expected to 

be as high as 300GW/m2 for 1 to 5 ms. These extreme 

loads have the potential to weaken or even melt the 

coolant pipe and cause a Loss of Coolant Accident 

(LOCA). 

The trade-off is that the increased thermal resistance 

lowers steady-state performance, so the performance must 

be balanced between the competing steady-state and 

transient requirements. 

Dedicated low-conductivity features offer a compact 

alternative to deep monoblock designs, with comparable 

total thermal resistance and lower cracking risk. These 

features may also offer a mechanical strain relief and 

crack arresting capability. These features have been 

explored by the STEP programme with a generic 

monoblock PFC design. This design does not reflect the 

current status of the STEP Limiters but allows comparison 

of the low-conductivity feature with other existing tests.  

 

2. Manufacturing 

2.1 Low-Conductivity Layer 

A layer of effective low-thermal-conductivity 

tungsten can be produced by removal of material. The 

thermal conductivity of the material itself remains the 

same, but by removing material there is a reduced area for 

heat to flow through. The removal of mass reduces 

conductivity by two mechanisms: the reduction of area 

and by increasing the distance of the thermal path. This 

means that when the total sample cross-section is 

considered, the effective conductivity across that cross 

section is reduced. 

Therefore, to achieve a low-conductivity tungsten 

layer, it is desirable to create tungsten with reduced mass. 

This can be done with additive or subtractive methods. 

Additive methods have shown issues with cracking [2] 

and geometric conformity for small ligaments [3]. 

Subtractive methods have the benefit of preserving the 

properties and microstructure of the original tungsten. The 

expected downside is that tungsten is brittle and generally 

understood to be difficult to machine. Wire electrical 

discharge machining (EDM) is used for most tungsten 

subtractive machining operations, however, conventional 

milling is faster and less expensive, so is more appropriate 

for parts with a high number of features. Machining can 

lead to locally high temperatures, which could lead to a 

region of recrystallised tungsten around the hole. This 

could be investigated in future work. 

Diamond drilling was used to produce lattice-like 

geometries with hole sizes of 0.6 mm, 1.5 mm and 2.4 



 

mm. The initial samples were 10 mm high blocks, as 

shown in Figure 1. 

   

Fig. 1. Isometric view of the drilled lattice 

geometries for the 2.4 mm, 1.4 mm and 0.6 mm 

hole layers. The outer dimensions of each sample 

are 20 mm by 10 mm by 10 mm.. 

The initial batch of samples were sectioned and 

micrographically inspected, and they showed high 

geometric consistency and no evidence of ligament 

cracking. The section in Figure 2 shows good agreement 

with the specification of 0.7 mm by 0.8 mm ligaments. 

 

Fig. 2. A micrographic view of the sectioned 2.4 mm 

sample. 

After the lattice layer samples were produced and 

agreed to be of sufficient quality to proceed, sixteen 

monoblocks were produced with the lattice layer drilled 

directly into them. Six were produced with 0.6 mm holes, 

five with 1.5 mm holes and five with 2.4 mm holes. The 

hole geometries were preserved from the initial blocks, so 

all samples had a hole layer height of 10 mm. 

2.2 Assembly Joining 

One substantial advantage of machining the layer 

directly into the tungsten monoblock is that no additional 

joins are required to include the  low conductivity layer. 

This preserves the high temperature limits of conventional 

tungsten, which is essential for any PFC application, 

particularly one with ultra-high transient load 

requirements such as the Limiter. Any braze material or 

diffusion bond interlayer would introduce a locally lower 

temperature limit, so a design with a join between the low-

conductivity layer and the armour above would not be 

possible due to the high temperatures in that region. 

Machining the holes means that no join is required above 

the layer. 

 Below the low-conductivity layer the operating 

temperature is much reduced, so a join is possible. 

Therefore, this design feature can work with either a tile-

on-heatsink or monoblock style design. In either case, 

once the holes have been machined the armour component 

can be treated the same as any other tungsten armour 

component with a bulk interface, meaning that previous 

joining expertise with tungsten is applicable and a variety 

of techniques could be used. 

For the sake of these test assemblies, a monoblock 

geometry was used, with a CuCrZr coolant pipe and a 

copper mechanical interlayer. The joining technique used 

was hot radial pressing, with the radial pressure 

introduced by differential thermal expansion. The 

monoblock design was chosen to provide a reliable test of 

the low-conductivity layer and provide input information 

into future down-selection of low-conductivity features.  

The copper ring was cooled in liquid nitrogen whilst 

the tungsten block was heated in a furnace. The ring was 

then placed into the monoblock, creating an interference 

fit at room temperature. This was done for four 

monoblocks, then the pipe was cooled in liquid nitrogen 

and placed inside the room-temperature monoblock and 

ring assemblies, using an alignment jig. This created an 

interference fit between the three sets of components, 

generating the radial force for the diffusion bond. 

The assembly was then placed in a vacuum furnace 

and held at temperature for 4 hours, creating diffusion 

bonds at the CuCrZr/Cu and the Cu/W interfaces. Trials 

were performed at 825 °C and 1000 °C. Figure 3 shows 

the results of the 825 °C run, showing voids at the Cu/W 

interface in the micrograph and a lack of diffusion at the 

CuCrZr/Cu interface in the SEM image. 

   
Fig. 3. A micrographic view of the Cu/W interface (left) 

and an SEM view of the CuCrZr/Cu interface (right) of 

the sectioned 825 °C diffusion bond sample. Voids are 

indicated by the white arrows. 

Figure 4 shows the results of the 1000 °C run, showing 

a lack of voids at the W/Cu interface and an invisible bond 

line at the CuCrZr/Cu interface, indicating that diffusion 

has occurred at both interfaces. 

 

Fig. 4. A micrographic view of the sectioned diffusion 

bonding test run 2 sample. The CuCrZr/Cu bond region 

is indicated by the white arrow. 
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Figure 5 shows an SEM view of the tungsten-copper 

interface for a 1000 °C run. The expected diffusion layer 

depth is in the nanometre range [4], so no visible diffusion 

can be seen. However, it is noted that there are no 

observable voids or inclusions, indicating a satisfactory 

bond. Part of the same sample was sectioned along the 

pipe length and subject to radial impacts The join 

remained intact whilst the pipe yielded and the tungsten 

fragmented, further indicating sufficient join quality for 

the purposes of this trial. 

 

Fig. 5. An SEM view of the sectioned diffusion bonding 

test run 2 sample. 

Holding the assembly at 1000 °C will have degraded 

the properties of the CuCrZr pipe. However, as the 

assembly joining was not the focus of this trial, it was 

decided not to optimise the bonding parameters further 

and to use the 1000 °C parameters for the final assemblies. 

Four assemblies of four monoblocks onto a CuCrZr 

pipe were produced: one with 0.6 mm holes, one with 1.5 

mm holes, one with 2.4 mm holes, and one with a mix of 

all three hole sizes. 

 

Fig. 6. The 0.6 mm monoblock sample after final sample 

assembly. 

3. Testing 

3.1 Experimental Set-Up and Methodology 

The 0.6 mm and 2.4 mm hole assemblies were tested 

in HIVE (Heating by Induction to Verify Extremes) at 

UKAEA to assess their thermal performance and test the 

cyclic performance of the ligaments.  

In HIVE a 45 kW, 50-150kHz industry standard 

induction heating system is used as the power source. An 

induction coil couples to the sample and induces 

volumetric currents, leading to Ohmic heating of the 

sample. High frequency power leads to shallow ‘skin 

depth’ and therefore quasi-surface heat loads. Achievable 

average heat fluxes of up to 15 MW/m2 equivalent, 

dependent on part size and coil geometry. 

HIVE can run samples either uncooled or water 

cooled. It has a closed loop pressurised cooling system 

capable of a maximum temperature of 200°C and a 

maximum pressure of 20 bar, and a High Vacuum system 

capable of vacuum pressures down to 1 x 10-7 mbar. For 

these tests, the coolant inlet conditions were 25 °C and ~1 

bar, at a flowrate of 17.5 L/min. 

 

 

Fig. 7. A profile schematic of the HIVE Facility, 

including a cross-section of the vacuum vessel. 

All sample instrumentation was mounted on the four 

equatorial vacuum viewports labelled in Figure 7. The 

instrumentation used on this test was: 

▪ FLIR SC7500 Medium Wave IR camera 

▪ Sensotherm M322 2-spot pyrometer 

▪ Olympus OM-1 digital camera 

 

Fig. 8. The 2.4 mm hole sample fitted to the HIVE lid, 

with cooling connections and induction coil fitted. 

Thermocouples provide inlet and outlet coolant 

information, which can be used to evaluate the thermal 

power deposited into the sample. This can be used to give 

heat flux delivered to the sample, using temperature-based 

adjustments if heating is uneven. 

The 0.6 mm sample was tested with a single-run 

performance test. The 2.4 mm sample underwent 500 

cycles of heating. The 1.5 mm sample and the mixed-type 

sample were not tested.  

All tests were done to a front face temperature of 1100 

°C – as measured by the pyrometer – as this is expected 

to be the upper design limit of tungsten in steady-state 

scenarios due to recrystallisation. The coolant 

temperatures are lower than what would be used in an 

                 
       

      

      

               
                

                                               
           

       
            

  

    

      

             

             
       



 

operating reactor, so the change in temperature through 

the depth of the block is greater than for reactor 

conditions, and therefore the same is true for induced 

strain. This is the main parameter to control, as the driving 

failure mechanism is expected to be cracking of the 

ligaments. For the 0.6 mm and 2.4 mm samples with these 

cooling parameters, this means the required heat flux in 

HIVE was 4.4 and 2.2 MW/m2 respectively. For the same 

temperature limits and hole geometry, higher heat fluxes 

would be possible with shorter bulk tungsten armour or 

and higher flow rate coolant. 

3.2 Description of Results 

With the coil geometry used, both samples showed 

strong heating of the centre two monoblocks, as can 

clearly be seen from the visible radiation in Figure 9. The 

peak IR temperatures recorded for the 2.4 mm sample 

across the four blocks were: 852 °C, 1188 °C, 1175 °C 

and 729 °C. With further electromagnetic modelling 

based on the work in Section 4, a coil geometry could be 

optimised to heat the four blocks more evenly. 

 

Fig. 9. Photograph of the 2.4 mm sample on test. 

As emissivity of the surface strongly affects the 

temperatures read by the IR camera, the sample was 

sprayed with graphite spray to fix its emissivity to a 

known value of 0.9. The grey spray can be seen in Figure 

9. As can be seen in Figure 10, the IR results show that 

the temperature is much higher above the hole layer, then 

drops rapidly through it. 

 

Fig. 10.  Infrared capture of the 2.4 mm sample during 

testing. The line along the face of the second monoblock 

is used to produce the temperature plot in Fig. 11. 

A linear plot of the IR data shows the change in 

effective conductivity clearly, with Figure 11 showing an 

increase in gradient through the hole layers. 

 

 

Fig. 11.  Linear plot of the temperature against length 

through the 2.4 mm sample. 

For the cyclic testing, the 2.4 mm hole sample 

assembly was removed after every 125 cycles and visually 

inspected for any damage to the ligaments, and the 

graphite spray reapplied. No damage was observed at any 

interval. If a ligament cracked during testing, this would 

be reflected in an increase in temperature of the block 

above the hole layer [5]. Throughout the experiment the 

measured temperatures remained similar, indicating no 

ligament cracking. 

The 0.6 mm sample and 2.4 mm sample showed 

different reductions in conductivity, as shown in Table 1. 

This is expected, as each has a different amount of 

material removed. At its narrowest point, the 0.6 mm 

sample has an area reduction of 60%, whereas the 2.4 mm 

sample has an area reduction of 92%. 

Table 1.  Thermal performance of monoblock samples. 

Hole Size 

(mm) 

Reduction in effective 

thermal conductivity 

0.6 15% 

2.4 40% 

 

From the temperature results, local thermal 

conductivity can be calculated. In this calculation, the 

noise from the IR reading is amplified, but the reduction 

in thermal conductivity through the hole layer can clearly 

be seen. At the lower end of the layer, the tungsten is 

cooler, so the effective conductivity increases as the 

underlying thermal conductivity of the tungsten increases 

significantly at these temperatures [6]. 



 

 

Fig. 12.  Plot of effective conductivity through sample 

position, for the 2.4 mm sample. 

4. Electromagnetic Modelling 

The capability to simulate the coupled 

electromagnetic and thermal behaviour of a Monoblock, 

or other PFCs, is useful for optimizing both the design of 

components and HIVE induction coils. A model of the 

2.4 mm hole Monoblock was created in Altair Flux 

2022.2 software to compare simulated results with the 

surface temperatures and power dissipated into the 

coolant measured during testing on HIVE. 

 

4.1 Analytical Set-Up and Methodology 

The electromagnetic formulation used in this analysis 

becomes unreliable when the geometry allows for current 

loops, so including the hole layer in the electromagnetic 

model would have increased the computational 

complexity. The lower section of a monoblock sees only 

a small amount of induced heating, as the skin effect 

results in the current being concentrated in the top face. 

On this basis, the lower sections of the monoblocks were 

excluded from the electromagnetic calculation with the 

split line crossing through the top layer of holes as shown 

in Figure 13. The entire assembly is included in the 

thermal model. 

Tungsten, CuCrZr and copper materials were 

modelled using temperature-dependent material 

properties and applied to the simulation geometry as 

shown in Figure 13. The coil and its placement relative to 

the sample was modelled by referencing orthographic 

photos of the coil and sample set up in HIVE. The coil has 

its temperature controlled at 30 °C using a boundary 

condition, as it is water cooled. 

 

 

Fig. 13 – Screenshot of the monoblock geometry in 

Flux. The different volume regions and their 

corresponding settings are labelled. The dashed-red line 

along the face of monoblock 2 is used to produce the 

temperature plot in Figure 15. 

The monoblock was meshed using 0.1 mm elements 

from the front face to the skin depth of ~0.34 mm, to 

ensure a minimum of two elements are used in the skin 

depth. The remainder of the geometry was meshed 

automatically using the default settings. 

All external faces of the geometry had radiation to 

infinity applied. The front and camera-side faces had a 

graphite coating applied, so they are modelled with an 

emissivity coefficient of 0.9. The remaining faces have an 

emissivity of 0.25 to approximate tungsten. The faces 

between the monoblock segments and inside the limiter 

holes did not have radiation applied, as simulating local 

radiation significantly increases solving complexity. The 

inside surface of the coolant pipe has convective heat 

transfer with an HTC driven by the local temperature. The 

temperature vs HTC curve was calculated using the HIVE 

parameters described in Section 3.1.  

The coupled magnetic & thermal model was solved 

until the steady-state thermal condition was reached, with 

the current through the coil set at 480 A and 101 kHz. 

4.2 Description of Results 

The simulation results were broadly representative of 

the temperature and power measurements taken during 

the real HIVE test. The induced heating power in the 

monoblock was 945 W, the power lost via radiation was 

73W and the power lost via the water cooling was 

872W. This is close to the measured water-cooling 

power of 868W. These values also verify that the steady-

state thermal condition was reached, as all power flows 

in and out of the monoblock are accounted for: 
 

945 + (−73) + (−872) = 0 W 
 

The peak front face temperature of the monoblock was 

1063 °C, which is slightly less that the measured peak of 

1100 °C. This could be due to variations in emissivity, 

which both the pyrometer and the modelling are sensitive 

to. It could also be due to inaccuracy in the coil modelling 

and position inducing a different current pattern without 

such a concentrated peak. Segments 2 & 3 have higher 

temperatures than 1 & 4 (as shown in Figure 14), which 

Coil - Copper, 
solid conductor, 
electro-
magnetically 
active, 30°C 

Monoblock 
Top 
Tungsten, 
solid 
conductor, 
electro-
magnetically 
active 

Monoblock 
Bottom 
Tungsten, solid 
conductor, 
electro-
magnetically 
inactive 

Interlayer 
Copper, solid 
conductor, 
electro-
magnetically 
inactive 

Pipe 
CuCrZr, solid 
conductor, 
electro-
magnetically 
inactive 

1 2 3 4 



 

was also observed in reality and is a result of the coil 

design and corresponding heat distribution. 

 

 

Fig. 14 – Monoblock surface temperature distribution at 

steady-state. The Average front face temperatures and 

overall peak temperature are labelled. 

 

Fig. 15 – Surface temperature through depth of 

monoblock 2 (see Fig. 13), from the front face (0 m) to 

back face (0.048 m). 

The low-conductivity layer shows the expected drop 

in thermal conductivity, resulting in a significant 

temperature decrease after each layer of holes. This can 

be seen graphically in Figure 14 and is also plotted in 

Figure 15, which shows a temperature distribution similar 

to the experimental data plotted earlier in Figure 11. 

Monoblocks 1 & 4 show lower temperatures than the IR 

plot, which could again be due to the lack of local 

radiation modelling creating a larger temperature 

differential between the central and outer monoblocks. 

Overall, the simulated results align reasonably well 

with the experimentally measured results, with scope to 

be developed further for digital testing of future PFC 

designs prior to physical testing. Although discrepancies 

remain between the simulated and experimental results, 

these may be attributed to the lack of local radiation 

modelling, or to small inaccuracies in the modelled coil 

geometry and placement. Future simulation work will aim 

to improve accuracy by addressing these issues.  

5. Conclusions 

The results show that machining holes into tungsten is 

an effective way of reducing the thermal conductivity of 

the tungsten based PFCs, which is crucial for the design 

of a Limiter which can withstand ultra-high transient heat 

loads.  

The manufacturing results showed consistent 

geometric alignment and no micrographic evidence of 

cracks, whilst producing hole sizes down to 0.6 mm and 

ligament sizes down to 0.7 mm. The thermal testing also 

showed a significant reduction in the effective thermal 

conductivity in the layer, and a good controllability of the 

conductivity by varying geometric properties, with 

reductions of between 15% and 40% achieved. The cyclic 

High Heat Flux testing showed no evidence of crack 

initiation or propagation after 500 cycles.  

The flexibility of the approach offers significant 

design space, particularly in the arrangement and 

patterning of holes to control heat flow, or in the 

machining of larger openings. Further work could also 

investigate the mechanical compliance of the lattice 

structure, and the possibility for the holes to arrest cracks. 

The trials have shown that machining of holes is a 

high-TRL alternative to additive manufacture methods to 

produce lattice-like PFCs, with comparable performance 

under steady state cyclic loading. A key piece of future 

work will be the analysis and testing against high energy 

transients, which is essential to evaluate the layer’s 

primary protective function. 
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