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a b s t r a c t 

The preliminary conceptual design of both the blanket and the divertor of the future DEMO reactor en- 

visages tungsten as plasma-facing material joined to Eurofer 97 steel as the structural element. Therefore,

the development of new joining technologies to constitute these first wall components has become an es- 

sential task in the fusion community. In this regard, there is a lack of knowledge on the thermal stability 
and mechanical behaviour of these W-Eurofer 97 joints under the expected service temperatures, which 
will be situated around 40 0–60 0 °C. In this paper, successful diffusion brazing of Eurofer 97 steel with 

tungsten was achieved by using a copper interlayer. Its microstructure, hardness and flexural strength

were investigated for different configurations and thermal histories in its predicted operating tempera- 

ture range.

Investigations on as-brazed specimens showed defect-free interfaces and a continuous metallic bond be- 

tween W and Eurofer 97 was successfully accomplished; although the hardening of steel base material

was detected after joining. Microstructure alterations were observed just at the W-Eurofer 97 interface,
with the diffusion of Cu braze into the iron grain boundaries and the formation of a Fe-rich hard inter- 

metallic layer, which was, in fact, the weakest part of the joint during thermo-mechanical testing.

The flexural strength of the brazed specimens at room temperature was relatively low, with a strong

dependence on the anisotropy of the W base material and little influence of the stress-relieving thermal

treatment. However, testing at temperatures up to 600 °C showed high strength of the bonded specimens, 

with values as high as 470 MPa, comparable to those of the Eurofer 97 steel.
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The development of fusion energy plays an important role to

educe the fossil dependence of the power generation industry

ithin the European strategy in the near term future [1] . In this

cenario, the knowledge acquired by ITER operations will pro-

ide valuable feedback for the future design of the fusion reac-

ors [2] . However, beyond ITER, the next European fusion reactor

DEMO) will face different challenges from the material require-

ents point of view, such as higher thermal density or plasma

articles exposure [ 3 , 4 ]. To address this challenge, new plasma-

acing materials and processing technologies are being developed,

ot only to face the higher thermo-mechanical requirements but
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lso to extend the life of those materials exposed to neutron ir-

adiation, hydrogen embrittlement or disruptive instability of the

lasma [5–8] . 

In particular, the preliminary design of DEMO will envisage W

s plasma-facing material (PFM) and Eurofer 97 instead of the

16 stainless steel as the structural material selected for ITER [9] .

ence, establishing the bonding technology between these two

aterials is necessary for the fabrication of the first wall. 

So far, multiple techniques have been studied to join W to

urofer, including diffusion bonding processes [ 10 , 11 ], laser weld-

ng [12] and high-temperature brazing [ 13 , 14 ]. However, the

arge differences in the thermal expansion coefficients (CTEs) make

he bonding between W and Eurofer extremely challenging [15] .

mong them, brazing with a ductile filler seems to be the most

uitable option for compensating the stresses caused by this mis-

atch and its high applicability for mass production [16] . Of those,

u-Ti braze system is the mainstream braze for bonding W to steel

aterials [ 17 , 18 ]. The addition of titanium as an active element to
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the braze improves the wettability of the filler, but also produces

brittle intermetallic compounds which may be harmful to the me-

chanical properties of the system [19] . 

Until now, most studies have focused on their performance at

RT, but latest simulations carried out for steady-state operation

(1-2 MW/m 

2 ) predict that tungsten will be exposed to tempera-

tures around 80 0–110 0 °C while Eurofer to 30 0–50 0 °C [20] , re-

sulting in operating temperature of nearly 600 °C at the joint. Both

Eurofer and tungsten based materials has been widely tested un-

der these conditions [21–23] , but there are an increasing need and

scope for assessing the thermal stability and mechanical behaviour

of these structural joints under the expected service temperature. 

This study is set out to explore the high-temperature mechani-

cal behaviour of W-Eurofer joints brazed using a pure copper filler.

A secondary objective of this study was to evaluate the effect of

the tungsten grain orientation and the application of the conven-

tional Eurofer tempering treatment in the properties of the result-

ing joint. 

Experimental procedure 

Materials 

Reduced activation ferritic-martensitic steel Eurofer 97 and

tungsten were used as base materials. The former has been sup-

plied by Karlsruhe Institute of Technology (Karlsruhe, Germany) and

its composition and microstructure are described by Rieth et al. in

[24] . The later was a 35 mm diameter polycrystalline W rod with

a purity of 99.96 wt.% and carbon content of 0.003 wt.% manufac-

tured by Plansee Metall GmbH. 

The intermediate material used as filler was pure Cu ( > 99.95 %)

supplied by Lucas Milhaupt in strip form of 50 μm thick. 

Brazing technique 

A high vacuum furnace was used for the brazing tests at the

residual pressure of 10 −6 mbar. Before the brazing tests and due

to the anisotropic microstructure and rolling direction of the W

rod material, two orientations were investigated: with the bond-

ing surface longitudinal (W-L) and transverse (W-T) to the rolling

plane, cut by electrical discharge machining with 5 × 20 × 15 mm

(WxLxH) dimensions. With the same method and dimensions, Eu-

rofer 97 specimens were machined from the initial plate with the

bonding surface perpendicular to the rolling plane. The exposed ar-

eas were ground down to 40 0 0 grit with a silicon carbide paper.

Copper filler with the same dimensions was placed between both

base materials, and the component was brazed at 1135 °C during

10 min, heating and cooling rates were 5 °C/min. No additional

pressure was applied to achieve brazing. After that, the bonded

samples were sectioned in small specimens for flexural strength

testing and microstructure investigations. 

At brazing temperatures, the grain size in steel may be coars-

ened, having a significant influence on mechanical properties, but

to achieve an effective and efficient bond, it is necessary to braze

at such high temperature. Thus, an annealing procedure at 780 °C
for 120 min (similar to the standard annealing temperature for Eu-

rofer 97) was later applied to recover the material structure close

to the initial state. These heat-treated (HT) samples were charac-

terised by mechanical testing and metallographic tools similarly as

the “as-brazed” (AB) samples. 

Characterisation techniques 

After grinding and polishing, microstructural analyses of the

brazed joint samples have been performed using optical metallo-

graphic and electron-microscopy methods. The chemical element
istribution, in both the brazing zone and the parent materials,

as evaluated with EDX (energy-dispersive X-ray spectroscopy)

nd the reaction phases were confirmed by Micro X-Ray diffrac-

ion analysis ( μXRD), this latter using a beam spot of 100 μm and

 α radiation source. 

Besides, nanoindentation testing with a Berkovich tip was per-

ormed to investigate the local hardness distribution across the

razed interfaces. Both Hardness and Elastic modulus were mea-

ured in loading control mode with a strain rate of 0.05 s −1 and

p to a maximum load of 2.5 gf (~25 mN). Several indentation ma-

rixes were performed across the joints with 25 μm average dis-

ance between neighbour indentations, i.e. longer than three times

he residual imprint sizes. 

For the investigation of the thermomechanical properties of the

razed samples, three-point bending tests (TPB) were performed

n smooth bars of nominal dimensions 2 × 4 × 30 mm 

3 in

he temperature range from room temperature (RT) to 600 °C at

ressures of about 10 −6 mbar. The heating rate was 30 °C/min

nd, once the set point was reached, the heating was held for

0 min for the thermal stabilisation of the system before test-

ng. The investigation was conducted at a constant displacement

ate of 100 μm/min with a 20 mm span width, with the braze

ayer located precisely in the middle of the specimen. Flexural

trength was then computed by Euler–Bernoulli equations for slen-

er beams up to failure on the average of at least two sam-

les. The fracture surfaces were later studied using SEM equipped

ith EDX. 

esults and discussion 

icrostructural characterisation 

The high-temperature brazing between Eurofer 97 and W was

uccessfully achieved using a 50 μm thick Cu interlayer. Typical

ross-section views of the as-brazed specimens are shown in Fig. 1

ith the corresponding elemental maps obtained by EDS analysis

 Fig. 1 (b)). No cracks or unbounded regions were detected along

he interfaces after brazing. Copper filler diffuses into the Eurofer

ase material following its grain boundaries up to nearly 20 μm

nd increasing this diffusion distance after applying the subse-

uent heat treatment. As a result, no clearly interface between

ungsten and the copper filler was distinguished. This observation

s contrary to the observed in our previous studies when using

 binary Cu-Ti alloy as a filler [14] or the research conducted by

achurina et al. [25] , where a Cu-rich filler phase of several mi-

rons could be easily detected between the diffusion layers and

he parent materials. However, these differences can be attributed

o the presence of Ti in the brazing alloy, which causes the forma-

ion of a narrow TiC phase in the brazed seam and leads to the

epletion of carbon in the steel in the region near the seam. The

ormation of this carbide layer not only have a detrimental effect

n the mechanical characteristics of the brazed joint but could also

top the diffusion of Fe or Cu. Contrary to that, EDX and XRD anal-

sis investigations did not reveal the presence of carbides in our

oints. 

To investigate the elemental composition and its distribution in

he braze, elemental concentration profiles were measured across

ach layer using EDX, the results are presented in Fig. 1 (d). At the

urofer 97 side of the graph, the alteration of C concentration or

lloying elements cannot be measured accurately due to its low

ontent in the material. On the contrary, the W–Fe mixing, which

s desired to obtain a good W–steel joint, is clearly visible in the

orm of a grey layer (identified at Region I in Fig. 1 (c)) with a thick-

ess of about 1.5 μm. The composition of this region includes the

ssential elements from the parent materials: mainly iron (55.2 ±
.4 at.% Fe) and chromium (7.3 ± 0.1 at.% Cr) from Eurofer steel



Fig. 1. SEM micrographs of the cross-section of a W-Eurofer 97 AB joint brazed with the bonding surface of tungsten transverse to its rolling direction (W-T configuration).

(a) General view of the joint with its corresponding EDS map (b). (c) Detail of the intermetallic phase, i.e. Region I, and (d) the elemental concentration profile across the

cross-section of the brazing.
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B  
nd tungsten (37.5 ± 0.5 at.% W), as confirmed by EDX. However,

 deeper analysis of this region with μX-ray diffraction ( Fig. 2 ) ev-

denced that these elements were combined into Fe 2 W and Fe 7 W 6 

ntermetallic compounds. 
Fig. 2. μXRD spectrum taken on the Region I of the braze.

F

u

SEM images of the W-Eurofer 97 brazed joints after heat treat-

ent are shown in Fig. 3 . Visible cracks were detected in the W

ase material, which propagated perpendicularly to the interface.

esides, it is noticeable that post-brazing heat treatment has in-
ig. 3. SEM micrograph of a cross-section of W-Eurofer 97 joints with W-T config- 

ration after heat treatment (780 °C, 120 min).



Fig. 4. (a) Variation of the nano-hardness across the W-Eurofer 97 joint (W-T configuration) before and after heat treatment. (b) SEM micrograph at bond interfaces of an

indentation matrix on an as-brazed specimen.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

W  

 

 

 

 

 

 

 

 

 

 

 

 

T  

t  

t  

w  

t  

a

 

o  

s  

t  

l  

c  

r  

p  

p  

t  

t  

f  

fi  

c  

fi  

Fig. 5. Flexural strength as a function of test temperature, W-orientation and ther- 

mal history for brazed joints. Mean values and Std. error.
duced an increase of porosity in the Cu band just below the steel

grain boundaries penetrated by Cu. This phenomenon was also ac-

companied by a softening of this area (named Cu brazed affected

zone in figure Fig. 4 ) and that of the Eurofer 97 itself. Comparisons

of specimens before and after heat treatment show that the post-

brazing heat treatment activated the diffusion of Cu through the

steel grain boundaries, increasing its penetration in the parent ma-

terial and producing an accumulation of voids responsible of the

loss of strength of these HT specimens. The quality of the joints

can be improved by further optimization of the brazing parame-

ters, including a variation the annealing time and temperature to

achieve an optimized Eurofer 97 microstructure with retained dif-

fusion of copper. 

The variation of nanohardness across the entire joint is plotted

in Fig. 4 for both as-brazed and after heat-treated conditions with

the corresponding SEM micrograph of an indentation matrix. The

hardness values of the tungsten base material (6.5 ± 0.2 GPa) indi-

cated that it had not been affected by the brazing thermal cycle, as

those are almost the same as in the as-received condition. On the

contrary, the hardness of Eurofer 97 increased after brazing proce-

dure from the initial value of 2.95 GPa [26] to 5.24 ± 0.06 GPa,

due to the following microstructural transformations: the forma-

tion of martensite after cooling, together with the formation of Nb-

rich and Ta-rich carbides [27] , during the brazing cycle; although

this hypothesis was not confirmed by XRD investigations probably

because of the low content of these carbides. Instead, a hardness

peak of 16 GPa was observed in the interface between W and Eu-

rofer 97. This is associated with the intrinsic hardness of the Fe-

 compounds identified in Fig. 2 in the so-called Region I, whose

values are close to 22 GPa for Fe 7 W 6 [28] and to 14 GPa for Fe 2 W

[29] . This hardness peak was followed by a gradual decline until

the Eurofer 97. 

After the post-brazing heat treatment, the hardness of

Eurofer 97 base material decreased considerably down to

3.06 ± 0.05 GPa, which is comparable with the hardness of Eu-

rofer in the as-delivered condition; this indicates that the material

structure was closer to the initial state. 

Together with the hardness measurements, the strength of the

joints was determined under a mechanical, thermal and combined

type of loading on as-brazed and heat-treated joints. In addition,

to account for the anisotropic microstructure of the W base ma-

terial, two configurations were tested for each condition: with the

bonding surface of tungsten longitudinal (W-L) and transverse (W-
) to its rolling direction. The engineering stress-strain curves of

he joints showed macroscopic plastic behaviour at all tempera-

ures, though the maximum strain was on average 0.5 %, increasing

ith testing temperature. The maximum flexural strength after TPB

ests is plotted in Fig. 5 as function of temperature, W-orientation

nd thermal histories. 

The joints presented a relatively low strength at RT (175 MPa

n average), and the fracture predominantly occurred at the W-

teel interface during testing, indicating a high interfacial strength

hat increases with rising temperature. This behaviour could be re-

ated to significant residual stresses induced by a mismatch in the

oefficients of thermal expansion (CTE) in the braze zone, which is

educed with increasing temperature. However, results on HT sam-

les showed even lower values of flexural strength in all the tem-

erature range. Nevertheless, the increased flexural strength with

emperature is only observed up to 400 °C, above this tempera-

ure values fell by 40 % at 600 °C (from 500 MPa to ≈ 300 MPa

or W-T configuration and from 350 MPa to 200 MPa in W-L con-

guration), associated to a change in the fracture mechanism. By

omparing the measured bending strength of W-T with W-L con-

gurations, it is evident that texture of the W base material plays



Fig. 6. Microstructure of an as-brazed W-Eurofer joint with W-L configuration (with the bonding surface of tungsten longitudinal to its rolling direction). (a) Crack propaga- 

tion paths followed during the RT (yellow line) and high-temperature (red line) tests. Corresponding EDS-SEM micrographs of the fracture surfaces after RT (b) and after a

600 °C (c) tests. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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 key role in the mechanical performance of the joints since W-

 specimens showed considerably lower values of strength than

hese with transverse grains (W-T), and this observation was also

bserved after heat treatment. 

The results obtained for as-brazed W-T configuration at temper-

tures above 200 °C are close to the ones presented by Fernandez

t al. [30] for Eurofer 97 (510 at 400 °C, 440 at 500 °C and 300 MPa

t 600 °C). This finding highlights the fact that the performance of

he joints at high temperature relies mainly on the loading capac-

ty of the steel component in the vicinity of the joint. 

The fracture mechanism associated with as-brazed joints can

e correlated with the fracture surfaces, as shown in Fig. 6 . The

referential crack propagation paths are marked in yellow for tests

erformed at RT and red for high-temperature tests, in this case,

fter testing at 600 °C. At RT samples broke mainly in the inter-

ace between W and the Fe-rich diffusion phase, marked as (1)

n Fig. 6 (a), since this seems to be the weakest part of the joints.

uring the fracture, the crack penetrates to the interface formed

y the intermetallic compound and the steel (2) and it eventually

eaches the copper band (3). 

As the testing temperature is increased, the crack path shifts

rimarily to the interface copper-steel (3), where the characteristic

lastic deformation of copper can be also observed (see Fig. 6 (c)).

he improved mechanical performance of the joints can, therefore,

e related to a stress-relieving effect and a higher ductility, both

ssociated with the testing temperature. 
The results plotted in Fig. 5 proved a strong influence of the

tress-relieving treatment (HT) on the mechanical performance of

he joints. The different fracture mechanism, along with the ex-

lained microstructural changes, explained this fact. At room tem-

erature, failure still occurs in the interface (1), this between W

nd the Fe-intermetallic compound ( Fig. 7 (a)), although the propa-

ation of the crack through the interface between the intermetallic

ompound and iron was also frequent, noted as (2) in Fig. 7 (b). The

ests conducted at higher temperatures produced the failure of the

oint in the copper band, just below the grain boundary penetra-

ion zone, where the pores concentration is higher ( Fig. 7 (c)). As a

onsequence, both the ductility and the loading capacity of these

oints during testing were reduced. 

A deeper analysis of several facets of the fracture surfaces re-

ealed a very strong bonding W-braze since remnants of both Cu

nd W can be found in the braze fracture surface and even the

earing of W grains (see Fig. 6 (b)) was observed at all temper-

tures and they were indeed larger at higher temperatures. This

bservation is utterly linked to the excellent mechanical behaviour

f these joints when the temperature is increased. 

The characteristics of a brittle fracture can be observed widely

rom the secondary electron images of the fracture surfaces of the

pecimens tested at RT ( Fig. 8 ). This made clear that the bonded

pecimens were not fractured exactly along the bonded interface

ut in the brittle Fe-rich layer. The same observation was made for

amples tested at high temperature: in Fig. 9 it can be observed



Fig. 7. Microstructure of a W-Eurofer joint, with W-L configuration, after HT. (a) Crack propagation paths followed during the RT (yellow line) and high-temperature (red

line) tests. Corresponding EDX-SEM micrographs of the fracture surfaces after RT (b) and high-temperature (c) tests. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 8. SEM micrograph of the fracture surface in the W side of a W-T as-brazed

specimen tested at RT, detailed view of the crack pattern of Fe-rich diffusion phase.

 

 

 

Fig. 9. EDS-SEM micrograph of the fracture surfaces (Eurofer side) of a W-T as- 

brazed specimen tested at 600 °C.

C

 

c  

o  
that crack initiated in the interface between W and Fe-rich phase

but it shifted to the Eurofer-Cu interface. Furthermore, this image

clearly illustrates the diffusion of Cu brazed into the grain bound-

aries of Eurofer base metal. 
onclusions 

High-temperature brazing between Eurofer 97 and W was suc-

essfully achieved using a 50 μm thick Cu interlayer. The capability

f forming a strong and metallic continuous joint by this proce-



d  

a

 

m  

c  

t  

t  

f  

i  

t  

w

 

p  

s  

a  

5  

o  

c  

d  

e  

d  

a  

j  

t  

c

D

 

u

D

 

c  

i

C

 

i  

P  

t  

q  

o  

i  

m

A

 

t  

E

2  

e  

C  

M  

M  

p  

i  

A  

o  

M

S

 

f

R

 

 

 

 

 

 

 

 

 

 

 

 

 

[

 

ure has been demonstrated by both microstructural examination

nd mechanical evaluation at high service temperatures. 

As shown by SEM examinations, Cu braze diffuses into the steel

icrostructure leading to the softening of this base material to a

onsiderable distance from the braze interface. As a result, an in-

erdiffusion layer of approximately 1.5 μm thick was generated in

he brazed joint containing a high concentration of Fe, Cr and W

rom both base metals. Furthermore, this brittle layer, which had

ndeed the highest hardness of the joint (16 GPa), is considered

he most critical part during low-temperature mechanical testing,

hen residual stresses, associated to CTE mismatch, are present. 

Although the flexural strength of the specimens was low com-

ared to W base material, its strength at higher temperatures was

imilar to that exhibited by Eurofer 97 itself. These results revealed

 clear trend with temperature (maximum flexural strength up to

00 MPa at 600 °C) and W plate texture since higher values were

bserved when W was located in the transverse direction. In this

ondition, the stress-relieving treatment applied, seems to have a

etrimental influence on the mechanical response of the joints,

ven at low temperatures. This outcome was associated with the

eeper diffusion of Cu into the Eurofer grain boundaries after the

nnealing process. A deeper analysis of the performance of these

oints after long thermal periods should be done to assess the in-

egrity of the brazed interfaces and lifetime of the plasma-facing

omponent. 
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