
Ultra-fast sintered functionally graded Fe/W composites for the first wall of future fusion

reactors

S. Heuera,∗, T. Lieniga, A. Mohrb, Th. Webera, G. Pintsuka, J.W. Coenena, F. Gormanna, W. Theisenb, Ch. Linsmeiera

aForschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung - Plasmaphysik, Partner of the Trilateral Euregio Cluster (TEC), 52425 Jülich,

Germany
bLehrstuhl Werkstofftechnik, Ruhr-Universität Bochum, 44780 Bochum, Germany

Abstract

Aiming at the realisation of nuclear fusion reactors, the joining of W and steel parts is currently examined. Based on proposals

to implement functionally graded steel/W materials (FGMs) in the joint to cope with thermal stresses, the present contribution

introduces a novel fabrication method for steel/W FGMs. Electro Discharge Sintering (EDS) was used to consolidate Fe/W powders

within milliseconds at atmosphere. Due to the short process time, the formation of detrimental intermetallic Fe-W precipitates is

limited compared to established fabrication methods.

The current work first presents results of the Fe/W powder processing, then a feasibility study regarding the fabrication of

homogeneous and graded Fe/W composites with W volume fractions of 0, 25, 50 and 75 % via EDS is presented. Lastly, the

composites are characterised microstructurally, thermo-physically, and mechanically in detail.
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1. Introduction

According to current understanding, future fusion reactors

will feature W as the plasma facing material [1, 2]. At the first

wall, W will be joined to a blanket structure made of reduced

activation ferritic martensitic (RAFM) steel, e.g. Eurofer. Fi-

nite element analyses (FEA), applied for different geometries

and reactor heat loads, have shown that intense stresses develop

at a macroscopically discrete Eurofer-W joint during produc-

tion and reactor operation that ultimately result in delamination

of the W armour [3–7]. In order to avoid a macroscopically

discrete transition of material properties at the Eurofer-W in-

terface, functionally graded steel/W materials are being devel-

oped [8–10]. Functionally graded materials (FGMs) approxi-

mate the adjacent materials’ properties by gradually varying the

constituents composition over the FGM’s height and represent

one viable option of interlayer systems to cope with thermal

stresses and plastic deformation in the first wall of fusion reac-

tors. Other potential interlayer systems are suggested in several

publications [8, 11–26]. According to numerical calculations,

FGMs for the first wall of DEMO will have to be at least 0.7

mm thick and contain three or more sublayers with differing

constituent ratios [7]. Given this, thin film production methods,

e.g. physical vapour deposition [8], and electro-chemical depo-

sition [27, 28] are impracticable, whereas powder-metallurgical

routes are more realistic. Among these, atmospheric and vac-
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uum plasma spraying [8, 29], and resistive sintering under ultra-

high pressure [10, 30] are promising and were already carried

out for steel/W FGM production. All of the fabrication routes,

however, have issues with the formation of cracks or intermetal-

lic phases (Fe7W6, Fe2W) due to extended exposure of the ma-

terials to high temperatures during production.

Electro discharge sintering (EDS) is a novel technique [31]

that was first used for the fabrication of Fe/W composites in the

context of the current work. EDS combines characteristics of

spark plasma sintering (SPS) and capacitor discharge welding.

The used facility is shown in Fig. 1. Similar to SPS, for EDS,

Figure 1: Facility for electro discharge sintering. a) Photography, b) sketch of

the work principle.

powder is filled into a ring-shaped die. An electric current is
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composites without intermetallics. Given this, besides differing

raw powders and Fe/W ratios, uniaxial mechanical pressure and

discharge energy of the EDS facility were varied in the current

work. Selected pressures and discharge energies were 282 and

388 MPa, and 72 kJ and 80 kJ (90 and 100 % of the maximum

discharge energy of the EDS facility), respectively.

After weighing and filling in the amount of powder mix-

ture required for a dense, 19 x 3 mm3 (∅ x h) sample, the

upper punch is lowered onto the powder mix. The uniaxial

pressure is raised until reaching the desired pressure. Next,

the capacitor bank is discharged and the powder consolidated.

Finally, the upper punch is brought back into its initial posi-

tion and the compact composite is removed. Homogeneous and

graded composites are fabricated following the same procedure.

It may be noted here that measurement of the temperature dur-

ing consolidation is inaccessible due to the short process time,

the strong electric current, an inhomogeneous temperature field,

and a closed design of the die.

3. Results and discussion

Evaluation of the EDS-based FGM fabrication feasibility

and characterisation of the composites was done with respect

to application of FGMs in the first wall of fusion reactors. Be-

sides microstructural analysis, chemical, thermo-physical, and

mechanical properties are of interest.

3.1. Fe/W Powders

Fe/W powders were mixed using coarse (Fe20−40 and W<25)

and fine (Fe6−8 and W11−13) powders. Since mixing of the

coarse powders occurred manually without input of energy, no

morphological and chemical changes compared to the individ-

ual raw powders are to be expected. Detailed characterisation

of powders is therefore limited here to the energetically mixed

fine powders. Fig. 3 depicts SEM images of powders that were

made from fine powders mixed for 2, 4 and 8 hours. All pic-

tured powders contain 50 vol.% W.

Figure 3: SEM images of Fe/W powders containing 50 vol.% W, energetically

mixed in a planetary mill for different durations. Mixing occurred for a) 2 h, b)

4 h, c) 8 h.

Deep grey volumes indicate Fe, brighter grey volumes are

W. With increasing mixing duration, the contrast is reduced.

Along with that, the average particle size increases and satu-

rates at 20-40 µm. Both observations base on cyclic plasti-

fication, hardening, cracking and cold (re-)welding [32]. For

the given W fraction and mixing parameters, only after 8 hours

mixing, no individual Fe or W particles can be observed, indi-

cating 8 hours mixing is a reasonable processing time. Cross

sections of powders containing 25, 50 and 75 vol.% W, mixed

for this duration, are displayed in Fig. 4.

Figure 4: SEM cross sections of incompletely mechanically alloyed Fe/W pow-

ders of differing W vol.% fractions. a) 25 vol.% W (8 h mixing), b) 50 vol.%

W (8 h mixing), c) 75 vol.% W (8 h mixing) d) 75 vol.% W (4 h mixing).

In Fig. 4 b), the Fe/W powder that was used for the de-

scribed mixing duration study is again shown. The cross section

confirms finely and homogeneously distributed constituents within

the particles. Lamellar Fe and W volumes are related to cold

welding upon collisions and indicate ductile behaviour of the

constituents during mixing. The Fe/W distribution of powders

containing 25 vol.% W (Fig. 4 a)) or 75 vol.% W (Fig. 4 c)),

mixed with the same parameters, deviates from the morphology

of the 50 vol.% W powder. It is assumed here that the misci-

bility is limited with greater Fe contents because Fe is softer

and more ductile than W. With higher Fe fractions the proba-

bility of a soft Fe particle participating in a collision increases.

The impulse is then transferred via a harder particle (W, previ-

ously hardened Fe or Fe/W) to the soft Fe particle, in which the

collision energy is dissipated by plastic deformation. Conse-

quently, cold welding is suppressed. In contrast, powders that

contain smaller Fe fractions re-weld and mix very well. The

powder containing 75 vol.% W, mixed for 8 hours, shows very

thin lamellae. Very thin lamellae may in fact be detrimental

here, as these are accompanied by high residual stresses and

many constituent interfaces. This lowers the thermal conduc-

tivity and increases interdiffusion, promoting precipitation of

intermetallics. Another Fe/W powder containing 75 vol.% W

was thus mixed for 4 hours only. The cross section, exhibiting

thicker lamellae compared to the respective powder mixed for

8 hours, is shown in Fig. 4 d).

For the prepared powders, X-ray diffraction (XRD) was car-

ried out to determine whether the formation of intermetallics
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could be suppressed by limiting the time of incomplete me-

chanical alloying. The diffractograms of representative powder

Figure 5: Diffractograms of powders mixed by incomplete mechanical alloying.

volumes are shown in Fig. 5. Theoretically expected diffrac-

tion peaks are indicated by individual symbols and dashed lines.

Neither intermetallic precipitates, Fe7W6 or Fe2W, nor the solid

solution, Fe0.95W0.05, were detected. They either do not exist or

volumes are too small for verification.

Figure 6: Oxygen content of raw powders, energetically mixed powders and

consolidated Fe/W composites.

The oxygen content of all powders after mixing is given

in Fig. 6 along with the oxygen content of the raw materials

and the O content after sintering, measured by carrier gas hot

extraction. The values indicate that oxidation during mixing is

limited, compared to the natural O contamination of the Fe (1

at.%) and W powders (0.45 at.%).

3.2. Fe/W Composites

Composites were manufactured using the pure and mixed

coarse powders, and the mixed fine powders. A macroscopic

image of an exemplary composite is shown in Fig. 7. The sur-

face is even but microscopically rough owing to a less effec-

tive consolidation of the upper- and lowermost 300 µm of each

sample. Prior to characterisation, these volumes were removed

by grinding. Consolidation of pure W powder was unsuccess-

ful with any EDS parameter, probably owing to high electrical

and thermal conductivity, combined with high strength. Hence,

pure W samples are not characterised here.

Figure 7: Exemplary macroscopic image of an EDS sample containing 50

vol.% W after consolidation.

3.2.1. Composites from manually mixed coarse powders

Composites made from manually mixed coarse powders were

manufactured as homogeneous samples only. For aforemen-

tioned reasons, low residual porosity of all composites is re-

quired. Fig. 8 depicts the residual porosity of homogeneous

samples made from coarse powders as a function of the W

volume fraction. Two different discharge energies (72 kJ and

80 kJ) at 388 MPa uniaxial pressure were applied for EDS.

The porosity was calculated via quantitative image analysis and

Archimedes principle.

Figure 8: Residual porosity of composites made from manually mixed coarse

Fe/W powders according to quantitative image analysis. The uniaxial pressure

was set to 388 MPa, the discharge energies to 72 and 80 kJ (90 and 100 %).

While pure Fe powders reach theoretical density with 80 kJ

discharge energy, increasing the W fraction or lowering the dis-

charge energy causes higher porosity. The latter is particularly

pronounced for composites of high W fractions and may well

be explained by the general consolidation mechanism of EDS:

Using EDS, powders are heated heterogeneously. Due to in-

creased ohmic resistance, powder particle contact zones reach

higher temperatures compared to particle volumes. Within con-

tact zones diffusion is initiated, particles soften and may par-

tially melt. Uniaxial pressure then compresses the powder to a

solid component [31]. Although the heat capacity of W is only

a third of the heat capacity of Fe (138 vs. 449 Jkg– 1K– 1), the

liquidus temperature is approximately 1900 K higher [33, 34],

requiring more energy to heat W to high homologous temper-

atures. Moreover, thermal and electrical conductivity of W are
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higher than the ones of Fe [33, 34]. Considering these proper-

ties, first, less electric energy is dissipated into heat in W parti-

cles compared to in Fe particles. Secondly, heat in W particles

is guided more effectively from contact zones into a greater vol-

ume, which causes a lower homologous temperature of W con-

tact zones compared to Fe contact zones. The combination of

higher strength and lower homologous temperature of the W

particles eventually causes limited compression and diffusion

of W, leaving greater residual porosity of W rich composites

behind. The explanation is supported by cross section analy-

ses. Exemplary micrographs, see Fig. 9, show that pores are

Figure 9: SEM cross sections of composites made from manually mixed coarse

powders after consolidation at 80 kJ and 388 MPa. a) 0 vol.% W, b) 50 vol.% W.

predominantly present within W agglomerates, whereas large,

homogeneous Fe volumes show good consolidation of former

Fe particles. Given the previous results, manual mixing of Fe/W

powders and subsequent consolidation by EDS was abandoned.

The material-selective consolidation necessitates better inter-

mixing of the constituents before EDS, which is possible by

incomplete mechanical alloying.

3.2.2. Composites from energetically mixed fine powders

Composites made from energetically mixed fine powders

were manufactured as graded samples and as homogeneous sam-

ples. The microstructure of each sublayer within the graded

composites and the microstructure of the respective homoge-

neous samples are very similar (cf. Figs. 11 and 18). Hence,

detailed characterisation of the FGM properties was carried out

using homogeneous composites.

Microstructure. Microstructural characterisation of composites

made from four different energetically mixed fine powders was

carried out using SEM images, quantitative image analysis, and

physical density measurements. Composites containing 25, 50

and 75 vol.% W made from powders mixed for 8 hours, and

composites containing 75 vol.% W made from powder mixed

for 4 hours were characterised. Fig. 10 shows the residual

porosity of homogeneous composites as a function of W frac-

tion, measured via quantitative image analysis and via Archimedes

principle. Results of both measurement techniques agree with

respect to the depicted error bars. Corresponding microstruc-

tures are shown in Fig. 11. Based on the porosity measurements

of coarse powders, only the maximum discharge energy, 80 kJ,

was applied for EDS with energetically mixed powders. Uni-

axial pressure was set to 282 and 388 MPa. For completeness,

the porosity of samples made from pure, coarse Fe powder was

included in Fig. 10 although no energetic mixing was applied.

Figure 10: Residual porosity of composites made from energetically mixed

Fe/W powders according to quantitative image analysis and the Archimedes

principle. The discharge energy was set to 80 kJ, the uniaxial pressure to 282

and 388 MPa.

Consolidating energetically mixed powders with the same

EDS parameters (80 kJ, 388 MPa) as previously used for man-

ually mixed coarse powders, the porosity behaves qualitatively

comparable with increasing W fraction. With the greatest poros-

ity still being present in samples containing 75 vol.% W, the

finer distribution of constituents after incomplete mechanical

alloying causes a decrease of the maximum porosity from 20

to 8.5 vol.% compared to composites made from coarse pow-

ders. With less W, the impact of energetic mixing is still sig-

nificant, but results in 10 vol.% lower porosity in 50 vol.%

W composites and in 3 vol.% lower porosity in 25 vol.% W

composites compared to composites made from coarse pow-

ders. These results correlate with the previous observation that

the applied energetic mixing is more effective using powders

of ≥50 vol.% W. Micrographs, see Fig. 11, reveal that pores

in composites made from energetically mixed powders are pri-

marily present between W volumes, as was observed for com-

posites made from coarse powders, too. Since no W agglom-

erates exist after energetic mixing any more, the amount and

size of pores in the corresponding composites is significantly

decreased compared to composites made from coarse powders.

Better constituents homogeneity hence allows the improvement

of consolidation to an extent that former powder particle con-

tact zones are unrecognisable. Overall, preferential orientation

of constituents does not exist. The given observations apply to

composites consolidated at 282 MPa, too. The corresponding

porosities are also shown in Fig. 10. Using the lower uniaxial

pressure, further decrease of the porosity to ≤2 vol.% is possi-

ble. The previously described porosity increase as a function

of W fraction is replaced by a nearly constant porosity, that is

much lower, with increasing W.
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Figure 11: SEM images of Fe/W composites made from energetically mixed

powders. a) 25 vol.% W, b) 50 vol.% W, c) 75 vol.% W, d) 75 vol.% W, mixed

for 4 h only.

Three mechanisms, associated with energetic mixing, are

assumed to generally improve the consolidation of Fe/W pow-

ders. First, after mixing, no W agglomerates, containing large

pores, are present within the powders, potentially increasing the

powder density even before EDS. Secondly, the powder is as-

sumed to reach a higher and more homogeneously distributed

temperature, particularly within W volumes. Electric energy

in manually mixed coarse powders is dissipated primarily in

Fe contact zones, which are separated from W volumes. This

causes a material-selective increase of the homologous temper-

ature. In contrast, energetically mixed powders exhibit large,

direct Fe-W interfaces, causing better heat flow into W vol-

umes and potentially greater energy dissipation, as phonons are

scattered not only at contact zones, but also at phase bound-

aries [35]. Lastly, the homogeneously distributed Fe lamellae

may cause a consolidation effect, similar to the principle of Su-

persolidus Liquid Phase Sintering (SLPS). In SLPS, prealloyed

(steel) powder particles contain a low-melting eutectic network

[36]. Upon heating, melting of the eutectic causes disintegra-

tion of particles, fast rearrangement of fragments and consoli-

dation of the fill. While actual melting of Fe in Fe/W powders

cannot be proven, strong softening may also cause W lamellae

to slip off and fragments to rearrange.

The effect of stronger consolidation of Fe/W powders with

lower uniaxial pressure is assumed to follow less elastic de-

formation, accompanied by smaller particle contact zones and

higher ohmic resistance. Eventually, this may cause a higher

temperature in the powder fill and more effective consolidation.

Upon superposition of residual stresses from energetic mix-

ing and thermal stresses from EDS, some of the very dense

samples exhibit crack networks, particularly composites con-

taining 75 vol.% W. Samples of greater porosity may release

stresses via deformation of pore surfaces. Approaches to avoid

cracks may be stress-relief annealing of powders before EDS

or limiting residual stresses in the first place, e.g. by shorter

mixing. Annealing may promote the precipitation of impurity

phases, hence 75 vol.% W containing samples were mixed for

4 hours only. The porosity measurements document an increase

of porosity to 5.5 vol.% but the samples remain crack-free. The

microstructure of the sample is shown in Fig. 11 d).

Figure 12: SEM cross sections of composites made from 8 hours long energet-

ically mixed powders along with EDX line scans across Fe-W boundaries. The

composites contain a) 50 vol.% W, b) 75 vol.% W. EDS parameters were set to

80 kJ and 388 MPa.

Selected composites were analysed via energy dispersive

X-ray spectroscopy (EDX) and XRD to investigate constituent

boundaries in detail. Fig. 12 contains SEM cross sections of

composites made from powders energetically mixed for 8 hours

and EDX line scans across microscopic Fe-W interfaces. In the

50 vol.% W composite, Fig. 12 a), the grey contrast and the

corresponding EDX line scan reveal the existence of a very thin

seam along the Fe-W interface. Considering its atomic stoi-

chiometry the seam is suggested to represent the Fe0.95W0.05

solid solution, having formed by diffusion of W into Fe volumes

during EDS. The composite containing 75 vol.% W, shown in

Fig. 12 b), contains thinner lamellae. In accordance with previ-

ous assumptions that energetically mixed powders experience

higher and more homogeneous temperatures during EDS with

higher W fractions, the diffusion of W into Fe is enhanced.

Pure iron volumes are replaced by a mixture of 60 at.% Fe and

40 at.% W, which may represent a mixed nanostructure of the

Fe0.95W0.05 solid solution and the Fe7W6 intermetallic phase.

Existence of these phases is confirmed by X-ray diffractograms,

shown in Fig. 13.

In Fig. 13 diffractograms of powders before EDS and of
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Figure 13: Diffractorgrams of energetically mixed powders and corresponding

composites before and after EDS. Mixing was done for 4 and 8 hours, EDS

parameters were set to as indicated.

composites after EDS are compared. Composites containing 25

vol.% W solely contain Fe and W both before and after EDS.

EDS causes a slight shift of the 44.7◦ Fe peak towards the solid

solution peak, which indicates limited diffusion of W into Fe

volumes. In contrast, composites of higher W fractions show

the EDS-induced development of new phases. In samples con-

taining 50 vol.% W, EDX and XRD identify the Fe0.95W0.05

solid solution, composites of 75 vol.% W additionally contain

the Fe7W6 intermetallic phase according to XRD. The forma-

tion of the intermetallic precipitate is insensitive to the mix-

ing duration and to the uniaxial pressure during EDS with the

selected parameters. At this stage, the goal of avoiding inter-

metallics in Fe/W composites can only be achieved with the

current parameters for composites containing < 75 vol.% W.

Further reducing the mixing duration, and thus minimising the

constituent interface area, may help suppress interdiffusion and

Fe7W6 precipitation.

Besides intermetallics, oxides may have detrimental effects

on the performance of Fe/W composites used in the first wall.

Fig. 6 compares the oxygen amount of used raw materials, en-

ergetically mixed powders and composites. Including incom-

plete mechanical alloying, after EDS, the oxygen concentration

increases to approximately 1.5-fold of the natural O contami-

nation. Taking a low natural concentration of ≤1.1 at.% into

account, the final contamination is rather small, proving that an

unregulated atmosphere during EDS is appropriate.

Thermo-physical properties. With an Fe/W FGM being part of

the first wall, the FGM has to fulfil two crucial thermo-physical

functions. First, thermally-induced geometric mismatches are

to be balanced, secondly, heat has to be extracted from the re-

actor.

The first requirement can be achieved by converging the co-

efficient of thermal expansion of pure W and Eurofer via sin-

gle sublayers of an Fe/W FGM. In the current work, the coef-

ficient of thermal expansion of potential FGM sublayers was

measured by dilatometry. Homogeneous composites of 0, 25,

50 and 75 vol.% W, consolidated at 80 kJ and 388 MPa after 8

hours energetic mixing of the powders, were tested. Since the

available composite sizes were limited, small cubic samples of

5x4x2 mm3 were extracted by electrical discharge machining

(EDM). The sample surfaces were ground, polished and placed

between two 10 mm long alumina rods. The set up achieves

standard sample length of 25 mm and uses the temperature sen-

sitivity of the dilatometer to full capacity. Prior to actual mea-

surements, the setup was verified using small and regular scale

pure W rods. Coefficients of thermal expansion of EDS com-

posites that were calculated from dilatometry measurements are

shown in Fig. 14.

Figure 14: Coefficients of thermal expansion of homogeneous composites,

given for two temperature ranges and linear interpolation of α literature data

of pure Eurofer and pure W (dashed line) [33, 37].

Expansion coefficients regarding two temperature ranges are

given in Fig. 14. The first set refers to a widely used temper-

ature range for α measurements (20-400◦C) and the second to

a temperature range of interest for the current application (200-

800◦C). Comparing the data sets with linearly interpolated lit-

erature data of Eurofer and W expansion coefficients, a smooth

convergence of measured expansion coefficients from pure Eu-

rofer to pure W is visible across the FGM sublayers [33, 37]. In

the temperature range 20-400◦C, the coefficient of thermal ex-

pansion is slightly higher than expected, but still in good agree-

ment with the linear interpolation. Data from the temperature

range 200-800◦C are further shifted due to the disproportionally

strong volume increase at higher temperatures, well known for

many metals. The data retain linear behaviour with increasing

W fraction, indicating that EDS FGMs are capable of redis-

tributing thermally-induced macro stresses.

Thermal conductivity λ is calculated as the product of den-

sity, heat capacity, and thermal diffusivity. These properties

were measured using Archimedes principle at room tempera-

ture (RT), differential scanning calorimetry (DSC), and laser

flash analysis (LFA), respectively. Results of the thermal con-

ductivity as a function of the temperature and of the W frac-

tion are shown in Fig. 15. At the lowest test temperature

shown in Fig. 15 a), 200◦C, the maximum thermal conduc-

tivity reaches one third of the conductivity of pure W (149

W m– 1 K– 1 [37]). As for most metals, the thermal conductiv-

ity of the tested composites decreases with higher temperatures.

Even though the Fe/W ratios of all composites containing ≤50

vol.% W differ strongly, λ only spans over a narrow range at all

test temperatures. In contrast the 75 vol.% W composite con-
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Figure 15: Thermal conductivity of Fe/W composites for different temperatures

(a) and W fractions (b).

ducts heat much better, particularly at elevated temperatures.

Different interacting effects cause the behaviours. A generally

low thermal conductivity may be explained by the observed

constituent interfaces, pores and impurity phases, all of which

scatter phonons [35]. At 200◦C, these effects, along with the

observed Fe0.95W0.05 solid solution, cause composites contain-

ing 50 vol.% W to exhibit the lowest thermal conductivity. The

solid solution and intermetallics are also present in 75 vol.% W

composites, but the negative impact on λ is compensated by a

higher W fraction. A W network throughout the composite that

keeps the thermal conductivity high at elevated temperatures

could not be observed in the context of microstructure analysis.

The thermal conductivity as a function of W fraction at 200

and 800◦C, together with interpolated values of pure W and Eu-

rofer, are shown in Fig. 15 b). As heat has to pass through Fe

and W volumes successively in the characterised composites,

the most conservative interpolation model, named the parallel

model [38], is applied here to add the expected thermal conduc-

tivity behaviour of Eurofer/W FGMs as a function of W frac-

tion. At 200◦C the measured thermal conductivity behaviour

versus the W fraction differs strongly from the interpolation

model. Composites containing < 50 vol.% W exhibit higher

conductivities compared to the model because pure Fe, used

for fabrication, conducts heat better than Eurofer, used for the

model. With higher W fractions, this effect loses impact, caus-

ing the measured data to be lower than the interpolation. At

800◦C, the thermal conductivity is lower compared to the con-

ductivity at 200◦C, as previously described. A slight increase

of the thermal conductivity with increasing W fraction can be

observed, which is yet smaller than the conservative model sug-

gests. From 200 to 800◦C the thermal diffusivity of Fe is de-

creased further than the diffusivity of W [33, 37], causing the

slight increase at higher W fraction amounts. The behaviour

may additionally be explained by the diffusivity of pure metals

generally being more sensitive to heat than the diffusivity of im-

perfect crystals, e.g solid solutions, which is more pronounced

in composites of high W fractions.

Regarding the applicability of Fe/W FGMs in the first wall,

it may be noted that up to 600◦C, which is 50 K above the tol-

erable temperature of Eurofer, the thermal conductivity of the

sublayers is higher than or equal to the conductivity of Eurofer.

In current blanket designs, Eurofer represents the first wall’s

“bottle neck” for heat removal. Given this, the heat removal

ability of an Fe/W FGM featured first wall is welcomed.

Mechanical properties. Besides meeting thermo-physical re-

quirements, an Fe/W FGM has to be capable of conserving the

structural integrity of the first wall. This is particularly impor-

tant because it remains open whether the FGM will have to be

an additional part in the first wall or whether it will replace frac-

tions of the W and/or the Eurofer volumes. The latter option is

preferable in terms of heat removal but transfers load bearing

duties from the structural Eurofer part to the functional inter-

layer. W cannot be replaced because its minimum thickness is

defined by plasma erosion losses.

To measure mechanical properties, four point bending tests,

following a procedure suggested by Antusch et al. [39], were

carried out. Homogeneous, (1x1x12) mm3 samples were tested

between RT and 300◦C in air. Higher temperatures could not

be applied due to limitations of the machine set up and sample

oxidation. The supports were 1 mm in diameter. The lower

supports were 10 mm apart, the upper ones 5 mm. Before ac-

tual measurements, the feasibility of the set up was verified

applying FEA and using bulk W and steel samples. Stress-

strain curves were calculated, utilising the standard four-point

bending test formulae given in ASTM D7264 [40]. From these

curves, Young’s moduli, yield strengths, and maximum bending

strengths were calculated. As the used formulae are technically

only valid in the elastic regime, values of the maximum bend-

ing strength and of the maximum plastic strain have to be read

with care. The results are shown as a function of W fraction

in Fig. 16. Qualitatively, the increasing trends for all data sets

(Young’s modulus, yield strength, max bending strength) are in

accordance with the linear interpolation of each property, cal-

culated from the RT data of pure W and Eurofer [33, 37]. Re-

garding Young’s moduli, measured data of composites contain-

ing ≤50 vol.% W are clearly lower than the linear interpolation.

This is primarily because the composites contain soft Fe instead

of martensitic Eurofer, the latter being considered for the inter-

polation. Young’s moduli of Fe (196 GPa [34]) and Eurofer

(220 GPa [33]) differ by approximately 24 GPa. Moreover, the

measured values may be low due to micro-plastic deformation.

The effect is well documented to occur in front of spheroidal
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Figure 16: Mechanical properties of homogeneous Fe/W composites as a function of W fraction based on four-point bending measurements between room temper-

ature (RT) and 300◦C. a) Young’s modulus, b) yield strength, c) max bending strength. Corresponding data, linearly interpolated from RT properties of pure W and

pure Eurofer, are added as dashed lines.

graphite precipitates in cast iron, lowering the homogenised

Young’s modulus [41, 42]. Micro-plastic deformation may also

occur around W particles in the composites. In composites con-

taining 50 vol.% W, pores additionally lower Young’s modu-

lus. Both effects compensate an increase of Young’s modulus,

which would be expected due to the higher W fraction. Com-

posites of 75 vol.% W show a high modulus because the soft Fe

is replaced by the described Fe0.95W0.05+Fe7W6 nanostructure.

Both of these impurity phases exhibit higher moduli than pure

Fe. Except for the 25 vol.% W composite tested at RT, higher

temperatures cause a decrease of Young’s moduli of all com-

posites. Considering all Fe/W ratios, Young’s moduli decrease

by about 50 GPa from RT to 300◦C.

Yield strength and ultimate bending strength of all Fe/W

ratios at RT are 100 to 200 MPa higher than the linear inter-

polation of pure W and Eurofer RT strengths. High strengths

are retained at elevated temperatures. No clear temperature-

dependent shift of the trends can be observed. Only the yield

strength of composites containing 25 vol.% W decreases from

900 MPa at RT to 550 MPa at 300◦C. Despite this drop, these

composites are still stronger than Eurofer, which exhibits ap-

proximately 546 MPa and 465 MPa yield strength at RT and

300◦C, respectively [33]. As the comparison of yield strength

and ultimate bending strength reveals, composites of 25 vol.%

W show distinct hardening above the yield stress, accompanied

by plastic deformation. In contrast, this effect is strongly lim-

ited in composites containing ≥50 vol.% W. Table 2 gives the

calculated plastic strain of the samples’ outer fibres at rupture

at all test temperatures.

The substantial difference in plastic deformation between

composites containing 25 and ≥50 vol.% W is related to the

increasing amount of W, which is brittle at the test tempera-

tures. Moreover, the pronounced hardening during incomplete

mechanical alloying of ≥50 vol.% W powders, and Fe volumes

partially being replaced by intermetallics and the solid solution

phases embrittle these composites. While pure Fe volumes are

Table 2: Plastic strain of the outer fibre at rupture in %, calculated from stress-

strain curves, given for all tested combinations of Fe/W ratio and test tempera-

ture.

W fraction

(vol.%)

RT 100◦C 200◦C 300◦C

25 0.3 0.27 1.0 2.5

50 0.1 0.1 0.15 0.25

75 0 0 0 0

ductile, the solid solution and intermetallics prevent plastic de-

formation and increase the composite strength. The effects may

also be observed at fracture surfaces.

Figure 17: Fractography of four-point bending samples of different W fractions

and test temperatures. a) 25 vol.% W, RT b) 25 vol.% W, 300◦C, c) 50 vol.% W,

RT, d) 75 vol.% W, RT.

Exemplary fractographic images of composites of different

Fe/W ratios, tested at RT and 300◦C, are shown in Fig. 17. The

distinct plasticity of composites containing 25 vol.% W is read-

ily observed in fracture areas. Deformed iron is represented in
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Fig. 17 a) and b) by large irregularly shaped surfaces. These

are a good indicator of ductile fracture. Smooth surfaces within

the images correspond to disconnected, weak W bonds. On

fracture surfaces of composites tested at 300◦C, Fe volumes are

more highly deformed compared to those in samples tested at

RT. Composites of higher W fraction show no temperature re-

lated differences of fracture surfaces. Hence, only the fracture

surfaces of samples that were tested at RT are shown in Fig. 17

c) and d). Almost no plastically deformed Fe volumes are vis-

ible in the images. Whether fracture occurred interparticularly

or transparticularly remains open. Further analyses regarding

the Fe-W interface qualities have to be carried out to in order to

specify the failure mode.

3.2.3. Graded composites from energetically mixed fine pow-

ders and in-situ bonding to bulk pieces

Fusion relevant FGMs for the first wall will be consolidated

in one step rather than in multiple steps. Fig. 18 shows regions

of the cross section of a 2 mm thick Fe/W FGM made by EDS.

Figure 18: Microstructure of an Fe/W FGM, containing four sublayers, fabri-

cated by EDS. a) 0 and 25 vol.% W, b) 50 vol.% W, c) 75 vol.% W and V disc,

d) again 75 vol.% W and V disc higher magnified.

Powder containing 75 vol.% W, mixed for 4 hours, was

filled into the EDS die, followed by powders containing 50 and

25 vol.% W, each mixed for 8 hours. Eventually, the coarse

Fe powder was filled into the die. Masses of each powder

were adjusted so that complete consolidation yields 0.25 mm

(25 vol.% W), 0.5 mm (50 and 75 vol.% W) and 0.75 mm (0

vol.% W) thick sublayers. The powder stack was consolidated

within a single discharge at 80 kJ and 388 MPa. Comparing

the overview micrographs of the sublayers, Fig. 18, and the mi-

crographs of corresponding homogeneous composites, Fig. 11,

no distinct differences are visible. The bond zones of adjacent

sublayers do not exhibit more defects than other locations of the

microstructure. The similarity proves that the use of homoge-

neous composites for FGM properties testing is adequate.

The FGM comprises a thicker Fe layer compared to the

other sublayers to account for the incomplete consolidation of

the uppermost 0.3 mm of each sample. At the lowermost sub-

layer, increasing the thickness was avoided because the FGM

was bonded to a counter piece. Sintering of the powder to pol-

ished 1 and 3 mm thick bulk W discs was unsuccessful at this

stage, probably owing to the high electric and thermal conduc-

tivity of bulk W along with its high strength. In contrast, sin-

tering to a polished 1 mm thick vanadium disk worked well, as

can be seen from Fig. 18 d). The auxiliary V layer may help

to bond the FGM to bulk W in a subsequent step. V-W joints

were already successively fabricated by Basuki et al., applying

hot pressing at 700◦C [13]. Apart from that, the in-situ bonding

of FGMs to bulk W will be further investigated. Bonding of

the lowermost sublayer to bulk W may be enhanced by altering

the bulk W surface prior to EDS. Reiser et al. have shown that

depositing W by physical vapour deposition onto bulk W im-

proves hot pressing [43]. This approach may work with EDS,

too.

4. Summary

The current work presents a novel technique to manufac-

ture Fe/W FGMs for the first wall of fusion reactors and char-

acterises the FGM in detail. Obtained results can be assigned

to four groups, namely powder processing, consolidation, com-

posite properties, and in-situ bonding to bulk material.

• Powder processing

– Energetic mixing, using a planetary mill with a ball-

to-powder ratio of 5/1, rotation speed of at least 200

rpm and mixing durations of >2 h is reasonable to

make Fe/W powders that contain distinct Fe and W

volumes within each particle. An adequately fine

distribution of the constituents is achieved after 4

and 8 hours mixing while no impurity phases (solid

solution or intermetallics) form.

– The energetic mixing is more efficient with higher

W fractions, suggesting shorter mixing durations of

W rich powders. Otherwise, high residual stresses

and many constituent interfaces are generated.

• Powder consolidation via electro discharge sintering (EDS)

– EDS is a promising technique to manufacture (graded)

Fe/W composites. Samples are small, but up-scaling

of EDS is possible, similar to SPS. Without up-

scaling, approximately 4.5x106 EDS pieces of hexag-

onal base area are required to cover the first wall of

DEMO with a honeycomb structure. Taking pro-

cess time and the possibility of parallelisation into

account, the high number is manageable.

– Consolidation of manually mixed Fe/W powders pro-

duces composites of high porosity, particularly when

the W fraction is high. In contrast, composites made

from energetically mixed Fe/W powders consoli-

date well and with less porosity.

– EDS yields lower residual porosity with higher dis-

charge energy. The maximum available energy of

80 kJ (400 kA, 50 V) is suggested for FGM fabri-

cation.
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– Most composites in this work were fabricated at

388 MPa uniaxial pressure. However, results indi-

cate that lower pressures may be beneficial for im-

proving consolidation and reducing residual resid-

ual porosity below 2 vol.%.

• Composite properties

– Microstructural characterisation of Fe/W compos-

ites, made from energetically mixed powders, shows

little porosity and fine distribution of Fe and W vol-

umes.

– While no impurity phases exist in the Fe/W powder,

composites containing 50 vol.% W exhibit minor

volumes of the solid solution Fe0.95W0.05 and com-

posites containing 75 vol.% W additionally contain

the intermetallic phase Fe7W6. These phases are

expected to be reduced by optimizing mixing pa-

rameters and, thus, increasing the distinct constituent

volumes in the powders prior to sintering.

– With increasing W fraction, the Fe/W composites

show a linear decrease of the coefficient of ther-

mal expansion, proving applicability to redistribute

thermally-induced macro stresses.

– The expected increase of thermal conductivity with

increasing W fraction of Fe/W composites is less

pronounced than the most conservative parallel model

predicts. This is owing to pores, interfaces, and

impurity phases not being taken into account by

the parallel model. Albeit the named defects, ther-

mal conductivity of all composites is higher than or

equal to the conductivity of Eurofer, which is the

bottle neck in terms of removing heat from the re-

actor core.

– The mechanical parameters Young’s Modulus, yield

strength, and ultimate bending strength of Fe/W com-

posites reveal an increase with increasing W frac-

tion. While Young’s modulus is somewhat lower

than a linear interpolation model predicts, yield strength

and bending strength of all samples are higher than

linear interpolations predict.

• In-situ bonding to bulk material

– In-situ bonding of FGMs to bulk W discs was un-

successful at this stage. In contrast, in-situ bonding

to V discs succeeded.
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