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Abstract 

The detachment of a beryllium tile from the ITER Normal Heat Flux (NHF) First Wall (FW) panels would result in an unacceptable 

degradation of panel performance. Such detachment has previously been observed under High Heat flux (HHF) testing of NHF FW 

prototypes, with initiation of de-bonding at tile edges and subsequent delamination occurring between the copper layer and beryllium tile 

within the multi-material plasma-facing panel structure.  These effects are applicable at both the point of post-manufacture panel acceptance 

testing and during future in-service operations. This has motivated the presented study of possible repair techniques that could be applied 

locally in order to repair defective panels to a usable state. In this preliminary study we present six potential repair techniques. For each 

technique joining processes and candidate materials were selected. The effect of the repair techniques on the surround materials and 

performance of the panels were assessed using numerical modelling and information in the literature. Out of the six potential repair 

techniques, two viable processes were identified which could be used to repair a panel: (i) removal of a defective tile and attachment of a 

new tile using a low temperature brazing process; (ii) filling the de-bonded region with copper alloy support material. This study was 

primarily focused on repairs at post-manufacture acceptance testing, but the techniques described could be applied to panels damaged from 

plasma operations with suitable targeted development. 
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1 Introduction 

The design of European ITER Normal Heat Flux First Wall (NHF FW) panels is currently being trialed with the manufacture and testing of 

scale mockups in order to assess the design will withstand the loads expected during operations [1-4]. Inspection and high heat flux testing 

of the scale ITER NHF FW panel mockups have demonstrated that delamination of the plasma facing beryllium tiles is possible [5,21]. If 

final production panels suffered such delamination under heat load at either the production qualification or in-service stages, this would 

result in failure against key panel performance criteria and the panel would be deemed unusable.  

To avoid having to produce costly replacement panels, a local panel repair process is being developed alongside the current panel 

manufacturing scale-up and process development. The initial intention is that such a repair could be applied upon identification of 

delamination or initiating defects at the panel high heat flux qualification stage, which is planned for each production panel ahead of formal 

acceptance of each panel for installation in ITER.  

Therefore the aim of this presented study was to develop repair processes that would return a defective panel to a usable state. The repaired 

panel needs to meet the same performance criteria stipulated for the original panel. This study was primarily focused on repairing defects 

produced during the manufacturing process, but in principle the techniques developed here are also relevant for repairing defects that form 

in the panel during operation subject to further targeted development. 

2 Background 

2.1 ITER first wall design 

The ITER First Wall consists of two different FW panel types: Normal Heat Flux (NHF) and Enhanced Heat Flux (EHF) panels [1,6], this 

study is concerned with the NHF FW panels. The design of a typical NHF FW panel, shown in Figure 1, consists of plasma facing beryllium 

tiles mounted on fingers with water cooling channels and a welded joint to a stainless steel backing structure [1,3]. The structure, geometry 
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and materials of the fingers are shown in Figure 2. The fingers consist of a sandwich structure of beryllium, copper and Copper-Chromium-

Zirconium alloy. The NHF FW panels are manufactured through the following high-level steps: 

i. The stainless steel is joined to the CuCrZr alloy with a hot isostatic pressing, which reaches a maximum temperature of 

1040ºC. 

ii. The CuCrZr alloy is solution annealed at 980ºC and gas quenched. 

iii. The beryllium tiles and copper are joined together and to the CuCrZr alloy in a single hot isostatic pressing process at 

580ºC for two hours. 

It is important to note that there are approximately 30 variants of the NHF FW panel designs necessary in order to which make up the  First 

Wall of ITER [1]. Within the variants, the geometry of the beryllium tile and the thickness of the copper layer remain constant, but the gap 

between the tiles changes, with a  minimum gap amongst all the variants of 0.5 mm between neighbouring tiles.  

  



 

 

 

Fig. 1. Design of the blanket modules, first wall and fingers for the ITER normal heat flux wall panels. The panels consist of beryllium tiles 

mounted on fingers with water cooling channels ad joined to a backing stainless steel structure [20]. 

Fig. 2. Design and geometry of the tiles in the ITER normal heat flux first wall panels. Dimensions shown are in mm. Taken from [20, 7]. 

2.2 High heat flux testing & failure 

Various studies have subjected different first wall designs to high heat flux (HHF) testing to assess their performance [8-14]. The high heat 

flux testing involves actively cooling the panel and subjecting the plasma facing surface of the panels to large heat loads (of the order 1 to 10 

MW m-2) to recreate the expected loading conditions expected on the First Wall in ITER. There is a large variation in the heat cycles that 

have been used in HHF testing in terms of the heating power, loading duration and number of loading cycles. Different heat sources have 

been used in HHF testing, including: lasers, electron beams, particle beams, exposing panels to plasmas and placing panels in operating 

tokomaks. 

 

Different scale first wall panel mock-ups have been heat flux tested, ranging from only a few tiles to half scale prototypes [8, 13]. 

Mechanical testing of the HIPped panels found that the bond between the beryllium tiles and underlying CuCrZr structure had good strength 

(a high yield strength under shear loading), and that  failure of the jointed structure is instead occurring due to the effects of fatigue from the 

thermal cycling [9]; the different thermal expansion coefficient between beryllium and copper causes large stresses in the join during high 

heat loads and cyclic loading therefore eventually causes failure of the joint followed by delamination. The delamination reduces the thermal 

conductance and mechanical strength of the joint so if subjected to more thermal cycling then further delamination occurs and can result in 

beryllium tiles completely de-bonding from the underlying panel. Notably, this fatigue failure was found to occur at the beryllium-copper 

joint, while no failure was found between the copper-CuCrZr or CuCrZr-stainless steel pipes or within any of the material layers [9]. Results 

of interrupted HHF testing and analysis of failed panels showed that delamination of the panel initiates at the edges and corners of the joins 

and grow inwards [2]. The de-bonded regions, shown in Figure 3, are shaped as round patches rather than thin cracks and always have 

contact with the edge of the tile, indicating that failure initiates at the edges and grows inwards. Note also that the high heat flux tests also 

found a large variation in performance between tiles subjected to identical testing; some tiles were extensively de-bonded whereas 

neighbouring tiles were subjected to only limited damage or not damaged at all.  

Fig. 3. Ultrasonic image of a NHF FW mock-up with artificial corner defects before (a.) and after (b.) HHF testing (a. The debonded region 

(shown in orange) can be seen to occur at the edges of the tile and the amount of de-bonding varies significantly between neighbouring tiles. 

Taken from [21] and also presented in [5]. 

2.3 Beryllium-CuCrZr joining 



 

 

Different techniques were investigated in the development of tokamak first wall panels to join beryllium to copper alloys. The techniques 

included hot isostatic pressing (HIPping), brazing, diffusion bonding and explosion bonding [1,2,11,12,15]. HIPping is the chosen technique 

used in the EU NHF first wall panels and CN EHF first wall panel designs [1]. A high temperature braze, STEMET 1101M (Cu-9.1Ni-

3.6Sn-8.0P) at 720 °C, is used in the RF EHF first wall panels [1]. 

 

An important factor recognised in all the joining techniques is that copper and beryllium can form intermetallic compounds in the joining 

region [10,11]. Beryllium-copper intermetallics are brittle so can act as crack initiation sites and significantly reduce the strength and fatigue 

resistance of the joint. Intermetallics can form at temperatures as low as 400 ºC, which is within the operating range of the panel. Most panel 

designs have sought to overcome this issue by adding a thin layer (of the order 10 microns) to act as a diffusion barrier between the 

beryllium tile and underlying copper alloy surfaces. 

2.4 Acceptance Criteria & Constraints for Repair 

The performance acceptance criteria for repaired panels are the same as the original panel design [1,2]. There must be no spottable 

indication of defects and no failure under thermal fatigue after 15000 cycles with a 2 MW m-2 heat load on the plasma facing surface, where: 

(i) defects in the repaired tile structure are detected in the panels by ultrasonic testing and flash heat load testing [2]; (ii) failure under 

thermal fatigue is defined as exceeding the stress and temperature operating limits on materials or a breach in the cooling channels resulting 

in loss of coolant pressure.  

 

Beyond these performance acceptance criteria, the repair and resultant panels must also adhere to prescribed operational temperature limits 

for constituent materials, together with the standard restrictions for compatibility with plasma interactions and the ITER vacuum 

environment [16]. Each of these place limitations on the repair processes and cycles that may be considered. 

 

For example, the materials used in the first wall panels have defined operating temperature limits which if exceeded can result in damage 

and failure. Beryllium has maximum operating temperatures of 650 °C, after which damage can occur [17]. The CuCrZr structure in the 

panels has been conditioned through a solution annealing and ageing process to have good mechanical properties, if the CuCrZr is subjected 

temperatures above 440 °C then further ageing can occur and its properties will deteriorate [18]. The evolution in properties from a 

secondary ageing cycle is likely to be different from the original ageing behavior and at present there is no data available in the literature on 

re-ageing CuCrZr. Therefore great care is necessary in understanding, controlling and assessing the impact of temperature excursions during 

any repair processes. 

 

Additionally, the high neutron fluxes produced during operation limit what materials can be used in the first wall. This has implications for 

the repair processes as it restricts braze alloys or interlayers added to the panel to low activation materials. 

 

Beyond these criteria, further constraints result from the original panel design and construction. The fingers of the panel are joined to the 

backing structure so cannot be removed and the repair has to be therefore be performed directly on the assembled panel. In addition, 

although repairing the panel in service is a long-term interest beyond the scope of the presented work, the limited space between the 

beryllium tiles (minimum of 0.5 mm) is clearly a challenge and there are also few points to locally grip the panel if large forces need to be 

applied for any in-situ repair. 

3 Repair techniques 

Based on the vacuum and plasma compatibly and other restrictions identified above, six processes were identified as potential repair 

techniques: 

1. Replacement tile – Remove the debonded tile and attach a new beryllium tile 

2. Deposition - Remove the debonded tile and build up new tile with deposition techniques 

3. Bridging plate – Remove the debonded tile and attach a beryllium plate across the area attached to the neighbouring tiles 

4. Re-HIPping - Repeat the HIP cycle to reattach the debonded tile 

5. Support material - Cast a support material around the tile and fill in the debonded regions. 

6. Pinning – Use a mechanical fastening to reattach the de-bonded tile 

 

Figure 4 shows the schematics of the repair techniques. For each of the potential repair techniques listed above the joining processes, 

materials selection and potential issues have been considered.  

 



 

 

Fig. 4:  Schematics of the six repair techniques for a detached tile on a NHF FW panel. 

3.1. Replacement tile 

The replacement tile repair technique would involve removing the debonded tile down to the CuCrZr substrate, then attaching a new 

beryllium tile. The process of attaching a new beryllium tile is similar to the original manufacturing process, but with the added restriction 

of trying to reattach one tile without affecting the neighbouring tiles or damaging the surrounding material. The original manufacturing 

process used HIPping, but subjecting the entire panel to a joining process would degrade the CuCrZr properties, to minimise damage to the 

CuCrZr the join should only be applied locally and not involve a high temperature process. 

 

The joining in the replacement tile repair should be divided into two processes: joining the beryllium and copper using the original HIPping 

process, and joining the copper to the CuCrZr. This method has the advantage that the joints between the beryllium and copper can be 

inspected and accepted prior to joining onto the panel. The method also means the in situ joint on the panel is between the two most similar 

materials, copper and CuCrZr. The Copper-CuCrZr join could be achieved with brazing or diffusion bonding. 

 

High temperature brazing, similar to the EHF manufacturing process, and diffusion bonding, similar to the original HIPping process, would 

involve high temperature processes and degradation of the CuCrZr properties. Analysis [7] has shown a low temperature Au-based braze 

(400 °C) could be achieved by heating the beryllium top surface with an electron beam and actively cooling with nitrogen through the 

existing channels in the panel. The low temperature brazing process does not exceed the temperature limits in the beryllium or CuCrZr so no 

damage or ageing should occur. 

3.2. Deposition 

The deposition repair technique would involve removing the debonded tile down to the CuCrZr substrate, then building up a new tile by 

depositing copper and beryllium material. There are several deposition techniques for copper, including plasma spraying, thermal 

deposition, direct casting and power sintering, which have been shown to produce materials with good mechanical properties. Plasma 

spraying and power sintering of beryllium have also been shown to produce material with good thermomechanical properties [19]. The 

neighbouring tiles would need to be masked off in order to protect them from heat and material during the deposition procedure. The 

thermomechanical and fatigue performance of the deposited material would need to be assessed in order to ensure the repaired panel meets 

the acceptance criteria. The deposition repair technique has the advantage that is does not subject large forces or heat loads to a panel.  

3.3. Bridging plate 

The bridging plate repair technique would involve removing the debonded tile and attaching a plate across the gap which is attached to the 

neighbouring tiles. The bridging plate could be composed of beryllium or another approved plasma facing material, such as tungsten or 

carbon-fibre composite. 

 

The repair could potentially damage the beryllium in the neighbouring tiles during the joining process or any preparatory machining to add 

joining features. The repair would significantly change the geometry of the panel so its thermomechanical performance was assessed by 

modelling a small region of the panel being subjected to high heat load, shown in Figure 5. The analysis investigated different bridge 

thicknesses (2 to 9.5mm), two-way and four-way bridging plates, and using different bridging materials (Be, W & CFC). 



 

 

Fig. 5. Geometry used in the analysis of the bridging plate repaired panels. The model shown is for an 8 mm tungsten bridge. 

 

The results of the analysis, shown in Figure 6, found that the peak temperature for beryllium bridges of all thicknesses exceeded the 

650°C operating limit due to the limited heat flow path. Analysis of W and CFC bridges found that four-way 8mm bridging plates were in 

operating temperature limits, but the stresses were unacceptable. The additional confinement caused by the bridge, and the difference in 

thermal expansion of the materials resulted in high stresses (> 400 MPa) in the neighbouring beryllium tiles which exceeds allowable limits. 

The analysis showed the bridging plate repair technique is not feasible for the NHF panel as the temperatures and stresses in bridge plate 

repaired panels exceed material operating limits. 

Fig. 6. Peak temperature in repaired panels with different thickness beryllium bridging plate for both two-way and four-way bridges. 

The peak temperature in the beryllium tiles exceeds the allowed operating limit (650 °C). 

3.4. Re-HIPping 

The re-HIPping repair technique would involve repeating the HIPping process on the de-bonded tile to reattach it to the panel. Subjecting 

the entire panel to another HIPping process would degrade the CuCrZr properties so should only be applied locally. The geometry of the 

panel means a single tile could not be successfully encased in a canister and that pressure could not be isostatically applied. However, 

uniaxial pressure could be achieved by loading the plasma facing surface of the tile in a typical diffusion bonding arrangement. The re-

HIPping repair has the advantage of being a simple process which uses the known joining procedure from the original manufacturing 

process, but has the disadvantage of not replacing the material in the debonded region so if the failure was caused by defects in the material 

then re-HIPping is not able to affect a repair. The re-HIPping would also re-age the CuCrZr to an unknown state. 

3.5. Support material 

The support material repair technique would involve casting material around the tile and filling in the debonded region. The support material 

could be deposited using various techniques depending on what is most appropriate for the chosen material. The required properties for the 

support material are as follows: 

• High thermal conductivity - to create good thermal path across the debonded region. 

• Low melting temperature, but greater than 650 ºC – to allow for low casting and sintering temperature, but the material must 

remain solid throughout the operating temperature range of the beryllium tiles. 

• Good bonding to copper, beryllium and CuCrZr – to produce a good thermal and mechanical joint to the surrounding 



 

 

materials in the panel. 

• Ductile at operating temperature (250-650 ºC) – to allow deformation from thermal expansion of surrounding material and to 

provide stress relaxation at interfaces and corners created by the de-bonding. 

• Plasma and vacuum compatible – the material must be accepted for use in ITER in terms of plasma interaction, neutron 

activation and vacuum environment. 

• Good infiltration – the material needs to be able to flow into the gaps and the join a large contact area to improve the 

performance of the debonded tile. 

 

Based on the requirements, a copper-based alloy was identified as a suitable candidate support material, specifically Cu-Mn alloys and Cu-

Ag alloys. The alloys have good melting temperatures (600 to 980 ºC depending on composition), good melt fluidity to infiltrate gaps and 

are ductile in the operating temperature range. The alloys also have high thermal conductivity and will bond well to the panel materials. The 

silver in the Cu-Ag alloy is vulnerable to neutron activation, though its use could be acceptable if the silver content were sufficiently low 

[17]. For the Cu-Mn alloy options there are no neutron activation issues with manganese being present [17].  

 

The support material repair process does not replace the material in the de-bonded tile region so, like the re-HIPping repair, if the failure was 

caused by defects or contaminants in the original panel materials then the support material may not re-attach the de-bonded tile. The support 

material repair also requires access to the de-bonded region from the outside of the panel and this is consistent with the previous studies that 

have shown failure initiates from the edge of the tiles. However, if a failure emerged internally with no path to the tile edge, an access hole 

would need to be drilled into the tile (preferably via a side rather than plasma facing edge) in order to allow use of the support material 

repair technique. 

3.6. Pinning 

The pinning repair technique would involve using mechanical fastenings to reattach the debonded region to the panel. The repair would 

require holes to be drilled through the beryllium tile in order to attach a mechanical fastening. Machining beryllium has been shown 

previously to create defects in the material so the repair could damage the beryllium tile [17]. The holes would also add new facets to the top 

surface which could result in more erosion by the plasma. Repairing the panel using pins significantly changes the design of the panel, 

numerical modelling was used to assess the effect of these changes on the panel’s performance. The model considered a small section of the 

panel with a completely detached beryllium tile subjected to a high heat load 2 MW m-2 and actively cooled in the channels. The detached 

tile is connected to the panel below with copper pins at the bottom of holes in the tile, shown in Figure 7. 

Fig. 7: Diagram showing the copper pin connecting the beryllium tile to the CuCrZr layer. 

 

The modelling found a tile repaired with 29 pins, shown in Figure 8, was able to handle the heat load while keeping all the materials in the 

panel below their operating limits so would produce an acceptable repair. 



 

 

Fig. 8: Pin arrangement and temperature distribution for a detached tile repaired with 29 pins. The temperatures in the repair tile are below 

the operating limits for each of the materials. 

5. Discussion 

Six repair concepts were generated based on the performance requirements for the panels and the location of the tile de-bonding identified in 

high heat flux tests of scale prototypes tested to date. Suitable materials and joining processes were identified for each repair technique and 

the effect of the repair on the surrounding material was assessed, where appropriate: 

-  The analysis showed that the replacement tile was a viable repair process. A new tile could be joined to the panel without affecting the 

surrounding material if a low temperature braze is used and it is actively cooled during the joining process.  

- Deposition could be used as a repair process, but the mechanical performance of the deposited material would need to be rigorously 

assessed. Fatigue is particularly important as the heat load on the panel is cyclical and deposited materials typically have poor fatigue due to 

porosity and defect created during the deposition process.  

- The analysis showed the performance of a bridging plate repaired panel would be unacceptable so the repair process could not be used for 

this application.  

- The effect of the re-HIPping repair technique on the CuCrZr properties was unclear due to the lack of data so would need to be assessed 

before use. The repair technique does not replace any material so may not be able to repair debonded tiles if the failure was caused by 

defects or contaminants at the joining surfaces.  

- Cu-Mn and Cu-Ag alloys have been identified as viable candidates for the support material technique. De-bonding initiating at tile edges 

could be addressed via this approach, though further machining or drilling would be necessary to allow this approach to combat internal  de-

bonding internal of a tile. 

- The analysis showed a panel repaired with the pinning process could operate without exceeding the material limits, but would require at 

least 29 pins. The need to machine 29 holes into the beryllium tile makes the technique undesirable as it could create defects in beryllium. 

 

As stated previously, this study was focused on repairing manufacturing defects, but could be extended to remotely repairing panels in-

vessel that have failed during operation. For a remote repair it would be difficult to apply large forces and heat loads for joining process and 

machining. Machining would also create dust in the vessel. Of the repair techniques considered in this study, the support material repair 

would be most appropriate for a remote in-vessel repair as it requires no large forces or machining and can be applied in a targeted manor. 

5. Conclusions 

Of the six techniques considered in this preliminary study, the two viable processes for repairing debonded tiles on the ITER NHF FW 

panels are the replacement tile, using low temperature brazing with active cooling, and the support material, using a copper alloy. The 

uncertainty in the quality of the repair, the foreseen effects on surrounding materials or poor expected thermomechanical performance of 

repaired panels made the other four repair techniques undesirable for this application. 

Further development and experimental testing of the repair techniques is needed before they could be deployed. For the replacement tile 

technique, the development of a machining process to remove the de-bonded beryllium tile without affecting the surrounding panel material 

is. For the support material technique, a method to deposit the support material such that it successful infiltrates the de-bonded region 



 

 

requires focused attention. In both cases, upon successful development and trials, a programme of heat flux testing would be necessary to 

demonstrate success of repaired panels against the performance acceptance criteria. 
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