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A B S T R A C T   

This work reports about preparation of W/Fe co-sputtered layers between tungsten and steel in order to ease their 
coefficient of thermal expansion mismatch. 

Iron and tungsten have been gradually co-sputtered on W tiles with real time deposition parameters changing 
to obtain a graded interlayer: SEM, EDS, XPS, HR-TEM have been used to characterize the W/Fe co-sputtered 
layer. 

W tiles co-sputtered with the W/Fe layers have been hot pressed to steel tiles: morphology and mechanical 
strength have been investigated for joints with and without W/Fe co-sputtered layer. 

Lap-shear tests in compression at room temperature have been made on hot pressed W/steel joints with and 
without W/Fe co-sputtered layer, showing a different behaviour. 

High flux test on joints with and without W/Fe co-sputtered layer are reported and discussed. The mechanical 
test results of manufactured joints are in good accordance with high heat flux test results, showing that the 
behaviour of hot-pressed joints with W/Fe co-sputtered layer was slightly worse if compared to joints without co- 
sputtered layer at the interface.   

1. Introduction 

For the first wall (FW) of the future fusion reactor, DEMO, tungsten 
and steel are considered prime materials. In particular, tungsten has 
been proposed as plasma facing material for both the divertor and the 
FW, while stainless steel will be used as structural material for the 
helium-cooled divertor. 

Since the field lines and thus plasma impact on it in a direct manner, 
the divertor is the most heavily loaded component of a nuclear fusion 
reactor. Due to the high thermal load and severe plasma- and neutron- 
induced damage, divertor is expected to be manufactured of tungsten. 

Several approaches have been proposed for manufacturing of the 
DEMO FW: all concepts combine the manufacturing of the inner struc
ture using reduced activation ferritic-martensitic steel (RAFM steel) and 
protecting it on the plasma-facing side with a tungsten layer. 

Several approaches to join W to steel are reported in [1], where 
different joining processes are listed and described (such as: direct solid 
state bonding, solid state bonding with discrete interlayers, brazing with 

and without additional layers, plasma spraying of discrete tungsten 
layers on steel, use of FGM tungsten/steel interlayers). 

DEMO is the European Demonstration Power Plant, a future fusion 
energy facility that requires self-sufficiency in terms of tritium fuel 
[2,3]. The plasma in the reactor is surrounded by tritium breeding 
modules which are covered by the FW. The First Wall consists of plates 
of reduced-activation ferritic martensitic steel and contains cooling 
channels connected to a helium cycle for heat transfer and energy har
vesting FW will be subjected to cyclic thermal load and bombardment by 
high-energy particles coming from plasma. As a consequence, a W 
protective coating is required for the FW of DEMO [1] and a sound joint 
between tungsten and steel is required. 

Unfortunately, it is hard to achieve a direct connection between 
tungsten and steel because of the differences between their thermo- 
mechanical properties, which cause high stresses. Several techniques 
to solve this issue have been studied; ref. [1,4] report on the joining 
solutions proposed in literature. 

Nowadays, brazing and diffusion bonding are the techniques being 
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considered to obtain W/steel joints. Brazing can be carried out by using 
brazing alloys foils or powders, in controlled atmosphere or in vacuum; 
most of the brazing alloys contain Cu, V, Ge or Ni [4–9]. 

Diffusion bonding can be carried out by hot isostatic pressing or by 
spark plasma sintering [10–12]. 

All the reported approaches to create strong W/steel joints are based 
on one or more of the following strategies: (a) choice of an interlayer 
with a thermal expansion coefficient (CTE) between W and steel to 
reduce the stress at the interface, (b) using a ductile interlayer which can 
deform and absorb the occurring strain difference, (c) joining processes 
at low temperatures (about 700 ◦C), (d) intermediate layer to create 
diffusion barrier and preventing the formation of brittle intermetallics at 
the W/steel interface [1]. 

As a consequence of what discussed above, the direct joining of 
tungsten and RAFM steel (i.e. Eurofer 97 in this work, referred to as steel 
from now on in the main content) is usually done by diffusion bonding, 
because this procedure requires the lowest possible welding 
temperatures. 

However, despite relatively low temperature involved, the different 
CTE of the two materials (12 × 10− 6 K− 1 for steel and 4.4 × 10− 6 K− 1 for 
tungsten) causes the formation of excessive stresses during cooling from 
joining temperature to room temperature, which may generate a failure 
of the joint directly after manufacturing. 

Additionally, further thermally induced stresses resulting from the 
pulsed operation of DEMO causes fatigue and may result in a premature 
failure of the joint. 

It is widely believed that a metallic interlayer is necessary for the 
reduction of the high residual stress in the joined region; it is also 
required for the joint to sustain thermal cycle loadings between the 
operating temperature and room temperature [13]. 

Compared to directly joined W/steel components, the joint quality is 
assumed to increase because diffusion bonding now occurs between the 
Fe-rich last layer of the functionally graded material (FGM) and steel, 
instead of a direct bond between tungsten and steel. 

Moreover, tungsten has a high creep strength at diffusion bonding 
temperature and it is considered inert in the formation of a joint, only 
the steel part contributing to the diffusion bonding [11]. 

Additionally, a diffusion bonding between the Fe-rich last layer of an 
FGM and steel, may need an even lower diffusion bonding temperature, 
with lower thermally induced stresses to the whole component. 

Another benefit of the FGM is that stress peaks may be levelled 
because the CTE of tungsten and steel are gradually converged across the 
FGM layer. While this stress peak levelling should require layers in the 
range of millimetres, as predicted by numerical analyses in ref. [14], 
thin layers in the range of micrometres may improve the joint quality 
and can be produced by PVD (i.e. sputtering, in this work). 

Finally, thin sputtered layers between bulk W and steel do not 
impede the heat removal from the hot plasma-side to the cooling 
channel compared to millimetre thick interlayers, thus reducing the 
temperatures in the whole component. 

The sputtering is a promising technology for the deposition of ho
mogeneous and high thermal conductivity layers and an be easily 
tailored in order to manufacture graded interlayers for joining tungsten 
to steel in plasma facing fusion components. The main advantage of 
sputtered layers is their negligible porosity, if compared to the intrinsic 
porosity and consequent relatively lower thermal conductivity of plasma 
sprayed layers [15–18]. 

In this work we investigate the potential of co-sputtered W/Fe layers 
on the W/steel joints for the first wall of DEMO. 

2. Material and methods 

W and steel (Eurofer 97) tiles of 12 mm × 12 mm × 4 mm and 16 mm 
× 16 mm × 3 mm were supplied by Forschungszentrum Jülich, Germany 
[19]. 

Pieces of W and steel were cut by electro discharge machining 

(EDM). After EDM, the top surface of the samples was removed by 
grinding and subsequent polishing (6, 3, 1 µm diamond suspension, 
followed by oxide polishing suspension (0.25 µm)). All samples were 
cleaned with acetone and isopropyl alcohol. 

The W/Fe co-sputtered layers have been done by a customized 
Kenosistec™ sputtering equipment (IIT-Genova, Italy) equipped with 
four circular three inch diameter cathodes that can be powered up with 
direct current (DC), radiofrequency (RF) and pulsed DC. One cathode is 
designed for magnetic materials. The selected deposition atmosphere 
was Ar to avoid on-fly reactions and to reach the maximum deposition 
rate. The deposition pressure was dynamically controlled by a motorized 
and computer-controlled throttle valve and a gas regulator that allow to 
fine tuning of gas flowing and pressure in a wide range of values during 
deposition. The RF generators can power the cathodes up to 300 W, 
while the DC one can reach 500 W. Moreover, the DC generator can be 
used as Pulsed DC generator with a maximum frequency of 100 kHz. The 
iron was deposited using a DC pulsed magnetron cathode with a 100 Hz 
of reverse frequency and 3 µs of pulsing. The tungsten was deposited 
using a magnetron cathode, powered by a DC pulsed generator. 

The W substrate has been heated up during deposition up to 450 ◦C 
and plasma etched before deposition to increase adhesion of the 
deposited layers. 

A conventional hot press (by PVA TePla) was utilized to join W to 
steel tiles with and without co-sputtered layer: it features a high-vacuum 
furnace with Mo heaters and two titanium-zirconium-molybdenum 
(TZM) alloy press plates (300 mm × 300 mm × 100 mm). Alumina 
plates with a thin layer of boron nitride were used to prevent sticking of 
the metal pieces to the Mo TZM plates. A pressure sensitive foil was 
placed in between the steel and W piece and at a force of 9 kN, equalling 
a nominal pressure of 35 MPa, the homogeneity of the applied pressure 
was checked. When the color distribution was satisfying, the W piece 
was directly placed on the steel piece and 35 MPa were applied. 

Then the chamber is evacuated to a pressure in the range of 10–4 to 
10–3 Pa and heated to 650 ◦C in one hour (~11 ◦C/min). After a holding 
time of one hour to remove adsorbates and homogenize the temperature 
distribution, the temperature was increased to 800 ◦C in 50 min (3 ◦C/ 
min). Having reached 800 ◦C, the uniaxial force is increased to 17,9 kN 
(70 MPa). After a holding time of two hours, the uniaxial force is 
reduced to 9 kN (35 MPa) and the passive cooling in high vacuum took 
about one day. This diffusion bonding parameters are based on a pre
vious optimization study of the homologous joining of P92, a commer
cial steel similar to steel used in this work. 

High Resolution SEM with Secondary Electron (SEI) and Back
scattered Electron Imaging (RBEIJEOL JSM 7500FA), equipped with a 
cold FEG, operating at 10 kV acceleration voltage), EDS measurements 
and maps (Oxford X-Max 80 system with a Silicon Drift Detector with 80 
mm2 effective area of detecting device), XPS (XPS-Phi 5000 Versa Probe) 
and profilometry (Bruker Dektak Stilus™) were used to characterize the 
W/Fe co-sputtered layers. Characterization has been made on W/Fe co- 
sputtered layer deposited on silicon wafers (for analysis purpose only). 
Joined areas and interfaces have been analyzed as well, after cross- 
sectioning of the joints. 

Transmission electron microscopy (TEM) observations were carried 
out using a JEOL 2100F UHR microscope equipped with Schottky FEG 
source powered by 200 kV. The observations were performed in scan
ning/transmission mode employing bright field detector (STEM BF). The 
EDS system (Oxford Instruments X-Max 80 SDD) was used for analysis 
and mapping of chemical composition. The samples were prepared by 
mechanical grinding and polishing. The final step was dimpling and ion 
milling (Gatan 691 PIPS). Before TEM observation the sample was 
cleaned in Plasma Cleaner (Fischione M1020) in order to ensure the 
residual-free surfaces of prepared foil. In particular, X-ray photoelectron 
spectroscopy was performed on the top of the sputtered layers, in order 
to perform more in-depth compositional analysis, for evaluating the 
elements that constitutes the first atomic layers and their bond state. In 
order to calibrate the binding energy scale, the carbon C1s (C–C) binding 
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energy was set up at 284.5 eV. 
The mechanical strength of the joined W/steel samples was 

measured using a single lap offset shear test at room temperature. The W 
and steel were joined to have a bonding surface of 8x16 mm2, half 
overlapping of samples area. The load was applied by moving the cross- 
head at a speed of 0.5 mm/min, using a single lap offset (SLO) test under 
compression (equipment: universal testing machine SINTEC D/10), ac
cording to a method adapted from the ASTM D905-08 standard [20] and 
described in ref. [21]. 

The maximum force was recorded and the apparent shear strength 
was calculated by dividing the maximum force by the joined for SLO. 
The fracture surfaces were examined to determine fracture path and 
propagation by SEM. 

To test the joints, cyclic high heat flux tests were performed using the 
electron beam facility JUDITH 2 [22]. Three stacks with and three 
without a sputtered interlayer were soldered on a copper cooling 
structure, allowing to verify the applied heat load via water calorimetry. 
The water-cooling conditions were 80 ◦C, 4.5 m/s flow speed at 2 MPa. 
After checking the proper alignment of the developed beam path at low 
intensity (about 0.3 MW/m2), 200 cycles (30 s on / 30 s off) at power 
levels of 1, 2, 3, 4 MW/m2 were applied. A thermography system of type 
ImageIR® 8380 from InfraTec GmbH monitors surface temperatures 
with a 640 × 512 pixel detector using a wavelength range of 2–5.7 µm 
was utilized. A tungsten emissivity curve from InfraTec was used to 
calculate the absolute temperature values. However, it should be noted 
that the emissivity value of a specific sample can differ substantially thus 
the absolute values should be seen as a rough estimation. The focus is on 
detecting changes and differences between the samples. The failure of a 
joint was declared, if the average surface temperature of a tile overcome 
roughly 2000 ◦C or even didn’t reach a steady state during the loading 
phase. Also, a large inhomogeneity of the surface temperature due to 
partly broken joint was defined as failure. A drastic increase of the 
cooling time of the average temperature, after switching off the beam, 
accompanied such a failure. In some cases, the W tile became totally 
loose and had to be removed. The developed test procedure allows to 

exclude any failed sample from the beam path and to continue the test 
on the remaining ones. 

3. Results 

Twelve W tiles have been coated by W/Fe co-sputtered layers as 
sketched in Fig. 1, starting with 100 % W and zero Fe, followed by a 
gradual Fe increase until a 100% Fe and no W, deposited continuously, i. 
e. without interrupting the deposition, in order to obtain a continuously 
layer on W, as follows: 

100% W; 80% W – 20% Fe; 60% W – 40% Fe; 50% W – 50% Fe; 40% 
W – 60% Fe; 20% W – 80% Fe; 100% Fe. 

In order to achieve the composition previously described, long 
deposition time is required and higher power cannot be applied due to 
the magnetic effect of target materials. Several experimental trials have 
been carried out, but, in order to increase deposition rates and reduce 
deposition time, higher power and only a few layers were deposited. 
Pressure and total deposition time were fixed, and only power on 
cathodes was modified as reported in Table 1. Argon (Ar) was used as 
carrier gas to avoid oxidization and reactions during depositions. 

W/Fe layers co-sputtered at 150,100 and 60 W DC-pulsed on Fe and 
20, 30 and 50 W DC on W for 2 h to have three compositional zones only, 
with calculated atomic ratio between iron and tungsten of 30% tungsten 
– 70% iron, 50% tungsten – 50% iron, 70% tungsten − 30% iron, have 
been observed by cleaving the silicon used as a substrate to measure 
their thickness by profilometry, in triplicate, for each sample. The 
average total thickness of the W/Fe co-sputtered layers was about 

Fig. 1. Sketch of the W/Fe sputtered interlayer approach (a); a co-sputtered W/Fe layer (b) is deposited on W tiles, starting with 100 % W followed by a gradual Fe 
increase until a 100% Fe layer, which is then direct bonded to Eurofer by hot pressing. 

Table 1 
Deposition parameters, pressure, power and calculated atomic ratio.  

LAYER POWER on iron (W) -DC POWER on tungsten (W) -DC 

30% W-70% Fe 150 20 
50% W-50% Fe 100 30 
70% W-30% Fe 60 50  

V. Casalegno et al.                                                                                                                                                                                                                              



Nuclear Materials and Energy 35 (2023) 101421

4

45–50 nm. 
High-resolution SEM with Secondary Electron detector has been used 

to observe the morphology of the W/Fe co-sputtered layers both in cross- 
section (Fig. 2 (a)) and top view (Fig. 2 (b)). 

In order to distinguish the different composition amongst layers, 
high resolution SEM imaging has been acquired with a Retractable 
Backscattered Electron Detector (RBEI). The results of the layers’ char
acterization are shown in Fig. 3. To be noticed, the contrast provided by 
the RBEI detector is based on atomic number differences: brighter 
contrast corresponds to a higher atomic number. Although composi
tional differences are visible, to some extent, it has to be pointed out that 
-even with a proper sample preparation-, it is difficult to precisely locate 
the end and start of each co-sputtered layer. 

EDS compositional analysis has been done in zones 1 and 2 only, 
because zone 3 is too thin to obtain a reasonable compositional result; 
the compositional analysis (inset) gave measured values close to the 
calculated atomic ratio for two of the three zones. The zone 1 (yellow) in 
Fig. 3 has a thickness of about 17–20 nm, the zone 2 (blue) of about 20 
nm and the zone 3 (green) of about 8–10 nm. 

In order to fully investigate the surface composition of this W/Fe co- 
sputtered layer, and to investigate the last W-rich compositional zone, 
XPS measurements were done. XPS is specific to investigate the surface 
composition of a given materials, being able to test a few atomic layers 
on the sample surface: in this case, it gave 66 at % for W and 34 at % for 
Fe, (Fig. 4) consistent with composition expected with the selected 
sputtering process and parameters of Table 1. 

The analyses reported in Figs. 2, 3 and 4 show that, even if the 
precise identification of zones with a different composition is not always 
possible due to the very low thickness of each zone, their structure is 
similar to what expected with the selected sputtering parameters. 

According to these promising results, 12 tungsten tiles, deposited 
with W/Fe co-sputtered layer (as in Table 1) were joined with steel 
plates by hot pressing at 800 ◦C, 2 h, 70 MPa at FZJ as described before. 

Fig. 5 shows a SEM image of a W/steel joint cross-section obtained by 
diffusion bonding, with W/Fe sputtered layers at the interface (not 
visible at this magnification). 

In order to have a better characterization of the W/Fe co-sputtered 
layers inside the joint, STEM BF analyses have been done with 
different magnification in the joined region as shown in Fig. 6 (a,b). 

The joint seam is about 40–50 nm and it has been highlighted by 
dotted lines. The joined seam shows some darker zones on both sides, 
characterized by different ratios of W/Fe. These regions were formed by 
diffusion of W/Fe co-deposited layers with steel and with W. EDS ana
lyses reveals a continuous decreasing amount of Fe on the W side and 
vice versa. 

Although several elements were detected (due to steel composition), 
on Fig. 6 only ratios of W and Fe (at %) are reported. 

Fig. 7 shows the EDS mapping of the W/Fe co-sputtered layer inside 
the joint on two different magnifications, clearly demonstrating the W 
and Fe sides of the joint (Fig. 7 (a)) and, at higher magnification (Fig. 7 
(b)) the co-existence of W and Fe in the co-sputtered layer. 

Mechanical characterization of W/steel samples was carried out on 
manufactured samples. 

In this work we proposed a Single Lap Offset (SLO) test in 
compression (Fig. 8), already used at Politecnico di Torino (Italy) for a 
quick comparison of several different joined samples [21,23]: it doesn’t 
give a pure shear strength, but a useful comparison among different 
joined materials of the same size. 

Eight hot pressed W/steel joints have been tested at room tempera
ture, four with W/Fe co-sputtered layer and four without, for compari
son purposes. 

The W/steel joint samples to be mechanically tested have been 
produced by diffusion bonding with an offset of 2 mm (joined area 8x 16 
mm2); this step of sample preparation was a challenge. It was not 
possible cutting joints after joining process to obtain offset since it in
duces cracks in the samples. 

Fig. 8 shows the Single Lap Offset test set up (inset) and the typical 
load/displacement curves after mechanical tests for hot pressed W/steel 
joints without (a) and with (b) W/Fe sputtered layer: both curves show a 
similar trend, typical of a brittle behavior of the joint; in (a), a step at 
about 6500 N can be possibly due to a crack formation in W. 

Typical fracture surfaces after mechanical tests are shown in Fig. 9 
for steel side (a,b) and W side (c, d); on the steel side (Fig. 9 (a) and (b)) 
two distinct regions can be observed: the darker area refer to steel sur
face, while the brighter area indicates residual W/Fe sputtered layer. 

On the W side (Fig. 9 (c)and (d)), very few dark areas, corresponding 
to lighter elements (as Fe) can be detected, while white or mid-grey 
regions can be observed, corresponding to W and W-Fe respectively. 
Fig. 10 (a) shows a higher magnification of the W side of the joint after 
shear test: the white arrow indicates a crack, either present in the sample 
due to hot press process or developed during shear test. Plastic defor
mation of steel can be observed in Fig. 10 (b), which caused the stop of 
the mechanical test. 

The limited number of samples does not allow a statistically relevant 
discussion, however, a summary of obtained results is in Fig. 11; it must 
be underlined that all the hot pressed 16 mm × 16 mm × 3 mm joints 
had the W tile cracked after hot pressing. The four 12 mm × 12 mm × 4 
mm joints with W/Fe co-sputtered layer gave opposite results in two 
cases: fracture during positioning of the joint inside the testing fixtures 
in one case and plastic deformation of steel without fracture of the joint 
in another case. 

To qualify a joining technique for a FW, a cyclic high flux test is very 
well suited and was done at FZJ. Six hot pressed W/steel joints, three 
with W/Fe co-sputtered layer and three without as reference were used. 

Fig. 2. High-resolution SEM with Secondary Electron detector (SEI) (JEOL JSM 7500FA, equipped with a cold FEG, operating at 10 kV acceleration voltage): Cross 
section (a) and top view (b) of the W/Fe co-sputtered layers deposited at 150 W pulsed- DC on iron and 20 W DC on tungsten, 100 W pulsed-DC on iron and 30 W DC 
on tungsten, and 60 W pulsed-DC on iron and 50 W DC on tungsten for 2 h (sample deposited on silicon for analysis purpose only). 
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IR thermographs during high heat flux tests of samples with (left) 
sputtered FGM and (right) direct W/steel joint. The same tungsten 
emissivity calibration and the same scale was used for all thermographs. 
The images reported in Fig. 12 show the IR thermographs during high 
heat flux tests of samples with (left) sputtered FGM and (right) direct W- 
Fe joint. 

3. Discussion 

As shown in Fig. 1, W/Fe co-sputtered layers have been deposited on 
W tiles with gradual transition from 100% W to 100% Fe, decreasing W 
content and increasing Fe content. 

In the frame of optimization of the joints, the number of co-sputtered 
layers and their compositions in terms of %W and %Fe were varied to 

assess favourable thickness of the FGM material at the interface between 
W and steel; a good compromise between obtained co-sputtered layers 
and deposition time/ power has been obtained with data reported in 
Table 1. 

The W/Fe co-sputtered layers, as shown in Fig. 2, were homogeneous 
and crack free; no reaction layers have been detected at the interfaces 
between the co-sputtered layers and the substrates. No porosity or cracks 
were observed in the layers, both inside them and at the interfaces. 

The co-sputtered layers are quite thin; the total thickness, as shown 
in Fig. 2, is about 50 nm and it was an initial attempt to investigate the 
feasibility of the co-sputtering process and to assess its morphological 
and thermo-mechanical performance. A thicker layer could lead to 
better minimization of CTE mismatch between W and steel, according to 

Fig. 3. High-resolution SEM and Retractable Backscattered Electron Imaging (RBEI) of the W/Fe sputtered layer (cross section); EDS compositional analysis in zones 
1 and 2 (zone 3 is too thin to obtain a reasonable compositional result) (sample deposited on silicon for analysis purpose only). 

Fig. 4. XPS measurement W/Fe sputtered layer (sample deposited on silicon for 
analysis purpose only). Fig. 5. SEM of W/Steel joint cross-section obtained by diffusion bonding, with 

W/Fe sputtered layers at the interface. 
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what reported in [24]: the authors stated that a minimum FGM thickness 
of 1.2 mm is required for long-term coating performance. The formation 
of graded layers was confirmed by EDS analysis; each zone results from a 
co-sputtering of W and Fe. The EDS maps in Fig. 3 are still uncertain due 
to the very small area analysed: W seems to be more present on the 
upper zone, while Fe seems to be more abundant on the zone close to the 
silicon substrate, as expected. Having clarified this issue, the semi
quantitative EDS measurements indicate that the W/Fe ratio equals 
approximately to 80% for first layer (in contact with pure W) and 56% 
for the second layer. This is in good agreement with experimental pa
rameters described in Table I for the manufacturing of co-sputtered 
layers. Consistent with this compositional analysis, XPS (Fig. 4) 
revealed a higher W content respect to Fe on the top surface layer. 

The co-deposited sputtered layers have proven to be suitable for the 
manufacturing of tungsten to steel joints. The most significant result of 
the experimental activity was the manufacturing of sound joints ob
tained by direct bonding, using W/Fe co-sputtered layers at the inter
face, as observable in Fig. 5. Several studies have been reported in 
literature on graded structure between W and steel aimed at minimizing 
the stress at interface; for instance, [25] reported on the manufacturing 
by plasma spraying of graded interlayer made of several layers of W/ 
steel-composites; the total thickness of the FGM layers is about 1.25 
mm. The joint manufactured in the present work shows reduced thick
ness of graded layer at the interface, but this issue does not compromise 
the good metallurgical bond between tungsten and steel. 

In this work, the W/Fe co-sputtered layers do not show porosity or 
intermetallics at the interface; the quality of bonding between the co- 
sputtered layer to substrates is good, as shown in Fig. 5. Moreover, no 
oxides have been detected on the steel surface, as it will be discussed in 

the following paragraph and it can be speculated that the thermal con
ductivity should not be significantly reduced since there is continuity 
between W and steel. 

Moreover, implementing functionally graded interlayers in the W/ 
steel joint can redistribute thermomechanical stresses at the interface 
and potentially extends the joint life-time. 

A deeper analysis of the joint interface was carried out by STEM BF 
analysis. The cross-sectional micrograph of a complete joint reported in 
Fig. 6 shows magnified bonding interface; the structure is different from 
a conventional graded material, were layers of different composition are 
well visible. Especially, they are a phase mixture of tungsten particles/ 
splats in a steel matrix [26]. In this case, the obtained material is 40–50 
nm thick and shows a new and unknown structure, with different con
centration of W and Fe uniformly changing from one side to the other 
one (arrows indicate nano-sized holes due to the ion milling process). 
The composition of the intermediate material manufactured by W/Fe 
sputtered layers was assessed by EDS analysis reported in Fig. 7; no 
localized formation of intermetallics was observed, but it was possible to 
observe (Fig. 7 (b)) the co-existence of W and Fe in the co-sputtered 
layer. 

A temperature- and time-dependent precipitation of intermetallics 
will change material properties of FGM layers at W/steel joint during 
application. 

The role of hot pressing in joints containing FGM interlayers must 
also be considered, since the high temperature and pressure and long 
dwelling time used to manufacture the joints can influence the joint 
morphology. The diffusion at the interface occurring during hot pressing 
process can smoothen the steps in composition of the different layers, 
thus providing an ideal FGM. In addition, diffusion at the co-sputtered 

Fig. 6. STEM BF images of the joint with different magnification of the W/Fe sputtered layer in the joined region (arrows indicate nano-sized holes due to the ion 
milling process) (a,b); EDS point analysis: ratio between W and Fe (at%) is reported for each point (c,d). 
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layers and at the W and steel interfaces can lead also to some kind of 
mixing. 

The shear tests of W/steel joints brazed were performed to estimate 
the joint quality; mechanical behaviour was studied for both W/steel 
joints with W/Fe co-sputtered layers at the interface and W/steel joints 
without co-sputtered layer. Mechanical characterization of W/steel 
samples is not an easy task; several test configurations have been 
designed and reported in literature, varying the geometry of the test 
specimen, both for tensile and shear tests. [4,7,27–31]. 

In this work we used a Single Lap Offset (SLO) test in compression, as 
sketched in Fig. 8. This kind of test is not intended to measure the pure 

shear strength of the joints, but it can be used to make a comparison of 
the mechanical strength of joined materials of the same size. 

The two measured values (15 and 21 MPa) are much lower than 61 
and 88 MPa measured on hot pressed joints without W/Fe co-sputtered 
layer, (the other two gave cracks in the W tile). A statistical scattering is 
not unlikely because the brittle/sudden failure observed is often 
accompanied by strong scattering and a much larger number of shear- 
tested samples may help to understand. Moreover, the joining process 
and the single lap offset geometry are not perfect, possibly increasing 
scattering even more. 

It demonstrates the favorable bonding of the two materials in both 

Fig. 7. EDS mapping of the joint with two different magnification of the W/Fe sputtered layer in the joined region, clearly showing the W and Fe sides (a) and the co- 
existence of W and Fe in the sputtered layer. 
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cases, even if it is not possible to compare the measured mechanical 
strength with that of samples obtained using other techniques, because 
of lack of mechanical test results in literature. 

The failure surfaces (Fig. 9 (a-d) and Fig. 10) seem to suggest that 
failure occurred at the FGM layer or at the interface between W and FGM 
layer; additionally, elements contained in steel (Fe, Cr, detected by EDS, 
not reported here) and found on the W side together with W detected on 
the steel side are consistent with the diffusion process at the interface 
and confirm that at the diffusion bonding temperature the diffusion 
length of Fe in W is much smaller than the one of W in Fe. 

To investigate the soundness of the joints, cyclic high heat flux tests 
were done and the results are presented in Fig. 12. The IR images reveal 
that already during alignment and the first cycle at 1 MW/m2 one stack 
with W/Fe co-sputtered layer appeared significantly hotter. However, 

all six sustained 200 cycles at 1 MW/m2 without any sign of further 
degradation. Nevertheless, increasing the heat load to 2 MW/m2 led to 
an instantaneous failure of the joint of one sample with an interlayer and 
much hotter temperatures indicate damage also of the other two. 
Whereas the temperature increases of the directly joined references were 
within the estimated range due to the higher heat load. At cycle 77 also 
the last of the stacks with an FGM failed quite spontaneously, whereas 
no sign of degradation could be detected at the references (see Fig. 12 
last row). They could even sustain the 3 MW/m2 phase but all three 
failed during the first dozen cycles at 4 MW/m2. According to FEM 
simulations, this translates to an interface temperature of roughly 550 ◦C 
above which fast deterioration of the direct W/steel joint of such small 
samples occurs. 

The fact that the samples with the sputtered FGM failed at a much 

Fig. 8. Single Lap Offset test set up (inset), typical load/displacement curves after mechanical tests for hot pressed W/steel joints without (a) and with (b) W/Fe 
sputtered layer. 

Fig. 9. SEM of fracture surfaces after mechanical tests for hot pressed W/steel joints with W/Fe sputtered layer: steel side (a,b); W side (c, d).  
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lower heat flux than the reference is unfortunate but not utterly sur
prising, taking the results of the shear tests into account. As their stress 
bearing capability was indeed significantly lower (Figs. 8 and 11), they 
also fail at a lower interface temperature or power level, respectively. 

The significance of the results obtained in this work lies in the use of 
W/Fe co-sputtered layers as suitable way to reduce CTE mismatch be
tween tungsten and steel, forming a homogeneous layer at the joint 
interface containing W and F in graded percentage. 

Furthermore, according to the Fe-W phase diagram the brittle 
intermetallic phase Fe7W6 forms already at the temperature of the 
cooling water of DEMO (~300 ◦C). Given the low thickness of the co- 
sputtered W/Fe layer, one possible issue could have been that the W/ 
Fe co-sputtered layer is entirely transformed into intermetallics during 
hot pressing. 

Since adding nickel to iron and tungsten is known to suppress the 
formation of the intermetallics, but in fusion, nickel is considered 
problematic due to its strong activation, given the high flexibility of 
magnetron sputtering and the very low amount of Ni potentially 
required in thin co-sputtered layers compared to thick sprayed layers, a 
next step could be the sputtering of a three-elements layer (Fe-Ni-W). 

The three-elements system might be interesting to compare to the hot 
pressed W/steel joints, particularly after high flux tests. 

4. Conclusions 

It is evident that a suitable way to reduce the W/Fe CTE mismatch for 
joining of W to steel in application at high fluxes is still an open issue. 
The W/Fe co-sputtered layer discussed in this paper, far from being the 
envisaged solution, is nevertheless a novelty itself, being a homogeneous 
layer containing W and Fe in graded percentage. 

It has been demonstrated that iron and tungsten can be gradually co- 
sputtered on W substrates to obtain graded interlayers able to minimize 
CTE mismatch, then subsequently joined to steel by hot pressing. 
Sputtering is an encouraging technology for the deposition of homoge
neous, dense and high thermal conductivity layers to be used as graded 
interlayers for joining tungsten to steel in plasma facing fusion 
components. 

Hot pressed W/steel joints have been successfully manufactured, 
some of them with W/Fe co-sputtered layer and others without, for 
comparison purposes. The mechanical test results for the two kinds of 
produced joints are in good accordance with HHF test results. 

The performance of hot-pressed joints with W/Fe co-sputtered layer 
was slightly worse. Further work will be carried out to study more 
effective graded interlayers, able to maximize the stress concentration 
reduction at bonding interface. 

In principle, the proposed joining solution can be a compromise 

Fig. 10. SEM of fracture surfaces after mechanical tests for hot pressed W/steel joints with W/Fe sputtered layer: higher magnification of the W side (a); tested steel/ 
W sample (b) showing bended steel and intact joint. 

Fig. 11. Single Lap Offset results for hot pressed W/steel joints with (light grey bars) and without (dark grey bars) W/Fe sputtered layers.  
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between direct W/steel joints (still critical in terms of mechanical 
strength) and brazed W/steel joints, still problematic in terms of ele
ments diffusion during brazing process and increase of hardness in the 
seam area, thus leading to easy propagation of cracks at the interface. 
The W/Fe co-sputtered layers could demonstrate the potential of these 
layers for the use as stress reducing interlayer. Further investigation will 
be addressed also to determine the thermal conductivity at the interface 
of the W/Fe co-sputtered layers. The absence of porosity in these layers 
obtained by sputtering bodes well for increasing thermal conductivity. 

The presented results have shown some potential limitations of these 
co-sputtered W/Fe layer and further work will be carried out to inves
tigate some aspects, i. e by increasing their thickness. Moreover, in order 
to understand the influence of the hot pressing on joining, future work 
will be addressed to perform joining process at lower diffusion bonding 
temperature. 

In conclusion, the W/Fe co-sputtered layer, away from being the 
intended solution, is nevertheless a novelty itself, being a homogeneous 
layer containing W and Fe in graded percentage obtained for the first 
time. It has been demonstrated that iron and tungsten can be gradually 
co-sputtered on W substrates to obtain graded interlayers, in principle 
able to minimize CTE mismatch, then subsequently joined to steel by hot 
pressing. 
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