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A metallurgical post-mortem investigation has been carried out on Mark 1 Hypervapotron elements from the 

Joint European Tokamak (JET), with the aim of aiding engineers in improving the future design of such high 

heat flux (HHF) component. Optical and electron microscopy and X-ray techniques have been utilised. Work has 

predominately focused on the electron beam (EB) welded and vacuum brazed joints of the Hypervapotron. 

Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX) has been used to assess 

the chemical composition while micro and nano indentation testing has been used to study the hardness profiles 

of these joints. Poor quality control of the vacuum brazing process resulted in nickel based filler material, 

contaminating internal surfaces. Variable penetration and entrapped voids in the EB welds suggested weld 

spiking occurred during the joining process. Details of these findings and a critical assessment of the potential 

implications are given where appropriate. 
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1. Introduction 

An inherent characteristic of fusion reactors is the 

presence of large energy loads, especially surface heat 

fluxes that can exceed 5 MW/m2. The Hypervapotron [1] 

heat sink design has been proven to be highly reliable, 

dissipating heat fluxes of 10-20 MW/m2 in steady state 

operation. Hypervapotrons are used extensively in JET, 

particularly in the full energy ion dump (FEID) and 

beam scraper assemblies of the neutral beam injection 

(NBI) heating system. They have also been utilised on 

the Mega Amp Spherical Tokamak experimental reactor; 

furthermore, their use is being considered for future 

fusion devices (ITER [2] and beyond). To date not a 

single JET Hypervapotron has failed in-service under 
normal operating conditions. However, the present study 

has highlighted a number of manufacturing concerns that 

should be considered in the design of next generation 

Hypervapotron components. 

2. Detailed design 

JET Hypervapotrons consist of four principal 

components; the main body, the back panels, Ni bracket 

assemblies and stainless steel inlet/outlet stubs, see fig.1. 

Both back panels and the main body of the 
hypervapotron are made from solution annealed CuCrZr. 

The main body is machined from a single piece of 

CuCrZr onto which the back panels are EB welded. 

Machining of the main body produces a series of fins 

perpendicular to the coolant flow direction that enhance 

heat transfer [1]. Stub holes are machined through the 

back of the assembly and then vacuum brazing is used to 

fix the stubs in place. The Ni brackets that are used for 

mounting the Hypervapotron to the NBI assembly and 

end caps are then welded into place. The connection 

between the NBI assembly and brackets, allows for 

linear expansion of the Hypervapotron under high heat 

flux (HHF) loading and reduces the thermally induced 

stresses in the component. Following EB welding and 

vacuum brazing the CuCrZr is precipitation hardened at 

475°C for 3 hours. 

Mark I FEID Hypervapotrons [3] were installed on 

JET’s NBI system in the mid 1980s but were replaced by 

the Mark II design thereafter. The Mark II FEID has a 

more optimised set up with the Hypervapotrons inclined 

at a greater angle to increase the HHF handling 

capability yet it largely retains the same fabrication 

sequence as its predecessor, apart from two exceptions. 

In the later design the brackets were brazed into place as 

opposed to being welded and cross welding on the end 
caps was eliminated by carrying out a continuous weld. 

Forged as opposed to extruded CuCrZr was used for 

Mark IIs [4]. 

 
Fig.1 Schematic showing cut away view of an end section from 

a Mark 1 Hypervapotron. 

 

3. General post-mortem findings 

A study of the back panels and main body 

highlighted inconsistencies in the shape and grain size, 

the diameters of which could range from µm to mm in 

scale. The extruded CuCrZr exhibited non-equiaxed 

grains with varying orientations. A heterogeneous 
microstructure is undesirable as it can lead to anisotropic 



properties. During procurement of material for the Mark 

II elements greater efforts were made to obtain an 

average ASTM grain size 0 or finer [5]. A refined grain 

structure is known to provide greater toughness. 

Visual inspection of the internal surface in the 

vicinity of the coolant stubs revealed that during the 

vacuum brazing operation a fault had occurred. Brazing 

material had spread beyond the limit of the joint leaving 

a 100μm thick coating on the internal surface of the back 

panel. Thick deposits of the material were found in the 

gaps between the cooling fins directly below the joining 
location. The presence of this material could be 

detrimental as it is likely to reduce the heat transfer from 

the main body to the coolant. At the junction between 

the back panel and the end cap, brazing material had 

become incorporated into the EB weld as this process 

was carried out after the brazing stage.  

 

Fig.2 EB weld configuration. Weld fusion zone highlighted by 
dashed lines. Back panel position indicated by dotted lines 

 

Inspection of the fin gaps up to 5cm further along 

from the stub hole revealed deposits of braze material 

albeit in smaller quantities. Instantaneous vaporisation of 

the coating and deposition further downstream in the 
Hypervapotron due the EB welding process is a plausible 

explanation as to how this material was found in these 

more remote locations. A lack of observable brazing 

material on the open surfaces downstream could be due 

to erosion caused by the coolant flow during operation.  

The back panels are placed on a raised shoulder 

feature of the main body and then EB welding is carried 

out along the vertical mating surfaces of these 

components; this inevitably leaves a cavity at the

horizontal interface see, feature α, fig.2. Brazing material 

was found at the opening and throughout the length of 

this cavity, see feature β, fig.2. The combination of the 

liquid contaminant and narrow hollow space suggests 

that capillary action might have played a role. 

Regardless of the contamination, this cavity is a poor 

design feature as it could potentially be the starting point 

for cracks. All the joining features on the Hypervapotron 

are at the rear side away from the HHF surface in 

relatively ‘low’ stress regions [6]. This goes some way in 

explaining the excellent track record of this particular 

HHF design 

4. Electron beam welding 

EB welding a is high energy input welding process 

that characteristically produces high aspect ratio weld 

fusion zones (i.e. long and narrow) with little or no heat 

affected zone (HAZ). For the JET Hypervapotrons two 

autogenous weld passes were carried out, the first being 

a full depth penetration weld and the second wash pass 

to repair any cracking in the weld cap [4]. 

4.1 Copper alloy welding 

CuCrZr as a heat sink material quickly absorbs and 

distributes the heat input from the molten weld pool and 

for this reason no discernable HAZ can be detected 

around the weld. The fusion zone grains are highly 

columnar in the weld cap and at the boundary to the 

parent material, which is indicative of rapid cooling. A 

number of microscopy images were combined to 

produce montage of the full length weld, see fig.3. 

Microscopy of the CuCrZr specimens often revealed 

voids at the tip of the welds and X-ray radiography taken 

perpendicular to the welding direction shows that these 

voids occur intermittently. The voids are of different 

shapes and at different depths showing that the 

penetration varies along the length of the weld. The 

nature of these defects is characteristic of weld spiking, a 

phenomenon that is known to occur during EB welding 

and other high energy input welding processes [7]. 

4.2 Nickel to copper alloy welding 

The Ni brackets that sit flush to the outer surface of 

the back panels are EB welded into place. This creates 

an interesting weld configuration where the full depth 

penetration produces a fusion zone through both 

materials pinning one onto the other, see fig.4. Use of 

this weld configuration has one fundamental drawback; 

the unbonded interface between the two materials would 

be a favourable location for corrosion to occur if

 

 
Fig.3. CuCrZr – CuCrZr weld montage



the component is exposed to moisture. Vacuum 

conditions were maintained for all the joining processes 

as well as during component operation. Despite this, an 

unknown substance was found in the gap between the 

two components, see fig.5. The substance extended into 

the interface between the weld bead and adjacent parent 

materials. Although not proven, this may be a corrosion 

product. Analysis in a FEI Quanta 200F SEM using 

EDX revealed its composition to be: 83% Cu, 10.9% O, 

2.8% Ni plus other trace elements. This may have 

formed in the Hypervapotron over the period following 

its removal from JET.  

Evidence for weld spiking in the Ni−CuCrZr samples 

was found in the form of voids at the tips of the weld, 

similar to those in the CuCrZr−CuCrZr welds. 

 

Fig.4 (A) Macro image of bracket-back panel weld 

configuration. (B) Micro image montage of Ni−CuCrZr Weld 

 

Fig.5 Micro image showing EB weld bead flow patterns at the 

Ni−CuCrZr interface. 

 

4.2.1 Weld microstructure 

As can be seen in figs. 4&5, the fusion zone 

microstructure produced during EB welding of these two 

materials is complex. Solidification by rapid cooling 
‘captures’ an impression of the fluid flow caused by the 

high energy joining process. The fusion zone appears to 

consist of distinct bands of lighter and darker material 

with mostly smooth flow patterns when visually 

observed. Above the Ni−CuCrZr interface the weld zone 

microstructure displays symmetry about its centre line 

but this is disturbed below the interface. Evidence of 

turbulent fluid flow is present at the edge of the weld. It 

is likely that the energy input from EB and resulting 

fluid flow are fundamental in determining the weld 

microstructure.  

4.2.2 Initial weld composition assessment 

As the joining process is autogenous, the fusion zone 
consists of some mixture of the two parent material 

volumes it has replaced. To obtain an understanding of 

how this composition varies, a polished but unetched 

specimen was analysed using EDX. Five target locations 

of 200 μm x100 μm were selected in the vertical 

direction and an averaged EDX reading was taken for 

each. Above the interface there was a consistent 70% Ni, 

30% Cu mixture which dropped to 54% Ni, 42% Cu 

below the interface. This initial outcome suggests that 

the weld is largely homogeneous but closer inspection 

reveals that the weld composition is more complex. The 

bands that appear darker are in fact a matrix of the 

lighter material (Ni) interdispersed with a dense 

collection of very fine particles of the darker material 

(Cu). 

4.2.3 Weld micro-hardness profiling  

Vickers Micro-hardness testing (load of 50g) was 

used to gain further insight into the properties of the 

Ni−CuCrZr weld. A spacing distance between indents of 

130μm was selected to ensure that localised hardening 

due to the previous tests would not be a concern. A cross 

section specimen of the weld was mounted, polished and 

finally etched. Etching was carried out so that the 

specimen could be easily navigated under the 

microscope on the Vickers Hardness tester. A total of 
146 individual indentation tests were performed, 

producing a series of horizontal and vertical profiles. 

Horizontal profiles directly above and below the 

Ni−CuCrZr interface both showed higher than average 

hardness results in the two parent materials, most 

notably in the Ni. This is often the case when studying 

material properties of external layers of a component and 

is likely to be the result of localised work hardening. 

4.2.4 Detailed weld composition assessment 

Further examination was carried out in a Zeiss Sigma 

field-emission SEM equipped with Oxford Instruments’ 

INCA microanalysis EDX system. The previously 

indented specimen was carbon coated as the Bakelite 

mounting material is non-conducting and could cause 

build up of electrons on the surface, the charge of which 

could interfere with the beam. Inspection revealed that 

etching had been highly preferential with the Cu being 

most aggressively removed, leaving a pitted surface also 

known as coring. 

Ideally, any surface should be flat and free from 

variations for both micro hardness testing and EDX. In 

the case of the hardness testing this was not of great 

concern as the size of the Cu inclusions in the Ni matrix 

were often in the range of a few microns while 

indentation diameter is an order of magnitude greater. 

This shallow surface coring should have had a minimal 

effect on the hardness testing, which was conducted to a 

greater depth. For the EDX analysis coring is a greater 

concern, as firstly, the etching removes some material 



and secondly the X-rays produced may be emitted at 

some oblique angle due to the surface roughness and 

may not therefore reach the detector giving an erroneous 

result. In the future, attempts will be made to avoid or 

minimise the use of etching prior to any EDX analysis. 

Contrasting composition to micro hardness results in 

both the vertical and horizontal lines, no explicit 

relationship was observed. For some data locations, an 

increase in Ni (and the simultaneous decrease in Cu) 

tended to lead to an increase in the micro hardness of the 

weld but not always; the reason being that the averaged 
chemical composition over the indentation area appears 

to be less important than the local microstructure. As the 

scale at which the chemical variations occur at are much 

smaller than that of the hardness testing, it is impossible 

to justifiably compare the two. In the future, testing with 

a nano indentation system might allow a more 

meaningful comparison to be carried out. 

In contrast to the previous study, the improved 

performance SEM system allowed large areas to be 

analysed for their composition with relative ease. 

Composition mapping was carried out with the resulting 
images further reinforcing the notion that there are 

distinct bands of either Ni or Cu rich material in the weld 

as well as regions of Ni tightly packed with very fine Cu 

inclusions. In this case the EB welding appears to have 

produced a microstructure more analogous to a 

composite structure then a fused joint.  

The Cr map showed a notable build up around the 

weld in contrast to smaller and more thinly distributed 

precipitates further into the parent material. It is likely 

that the electron beam welding process had initiated the 

precipitation hardening process local to the weld due to 

the heat input. These chrome precipitates then grew 
larger during the subsequent heat treatment. While 

optical microscopy reveals no clear HAZ, this variation 

in Cr suggests that there is one. Hardness results showed 

a marginally higher reading in this region when 

compared to average measurements taken in the bulk of 

the CuCrZr alloy. Localised work hardening at the edge 

may well have masked any effects caused by this HAZ. 

5. Vacuum brazing 

Microscopy of the brazed joint revealed a 
predominately two phase microstructure. EDX analysis 

indicated that the composition of the Ni based filler 

material was similar to that of BNi7, therefore it is likely 

that the first phase is solid solution Ni and the second is 

a eutectic nickel phosphide phase as reported by 

Boulanger et al [8]. Hardness testing with a G200 Nano 

Indenter showed that the Ni phase was ductile while the 

intermetallic phase was highly brittle. This is likely due 

to the very high phosphorous content (10%) of the filler 

material. The hardness of the intermetallic phase was a 

factor of two greater than the solid solution phase (8−13 

GPa : 4−8 GPa respectively). The deposits in the fin 

gaps showed the same duel phase microstructure 

reinforcing the speculation that the filler material was the 

source of this contamination. 

Young’s Modulus as measured by the nano indenter 

showed no large variation across the braze layer. The 

transitions from parent materials into the braze layer 

were well graded and free from defects suggesting a 

metallurgically sound joint.  

6. Conclusions 

The success of the JET Hypervapotron is due to a 

simple and robust design, that incorporates cooling fins 

to enhance its heat transfer to the coolant, combined with 

the favourable thermal and mechanical properties of 

CuCrZr. This paper has observed a number of poor 
engineering features that are created during the 

manufacture of this component. The apparent tolerance 

towards these poor features is likely to be due to them 

being located in low stress regions. In the future, it may 

be advisable to avoid or minimize these as far as 

possible. 

Contamination of the internal surfaces by the brazing 

filler should be avoided, as any coating is liable to 

reduce the heat transfer to the coolant and might impact 

on the fatigue performance. Suitable control of the 

vacuum joining process should completely eliminate the 
problems of surface contamination and incorporation of 

the braze material into any subsequent welding. 

Understanding the effects of a high phosphorus content 

on the hardness of the intermetallic phase and the quality 

of resulting brazed joint is advisable if a similar Ni based 

filler material is to be used in the future. 

EB welding is a very effective high energy input 

process, particularly when used on a high thermal 

conductivity material such as CuCrZr. Microscopy 

appears to show that the process produces no HAZ, yet 

EDX analysis of Cr precipitates would suggest 
otherwise. Devising a weld configuration that avoids 

retaining a cavity between the back panel and main body 

without introducing any cross welding would be prudent. 

Similarly, alternatives to the Ni−CuCrZr weld 

configuration should be sought as it creates a preferential 

location for corrosion and/or cracking. 
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