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Abstract: Functionally graded tungsten/steel-composites may be used as an interlayer to join 9 

tungsten (W) and steel for the first wall of future fusion reactor to reduce the thermally induced 10 

stresses arising from the different coefficient of thermal expansion (CTE) of W and steel. W/steel- 11 

composites, with three W contents: 25, 50 and 75 vol% W, will serve as individual sublayers of this 12 

functionally graded material and gradually change the CTE from W to steel. Therefore, the present 13 

work exploits an emerging sintering technique, field assisted sintering technology, to produce 14 

these composites. The work presents, at first, the results of a process parameters optimization 15 

study to manufacture composites with lowest porosity and lowest amount of intermetallic com- 16 

pounds. The optimized composites 25, 50 and 75 vol% W achieved a relative density of 99 %, 99 % 17 

and 96 % respectively; measured via Archimedes’ principle. Then, a high temperature mechanical 18 

test reveals that these composites are ductile above 300 °C. Lastly, the measured CTE, specific heat 19 

capacity and thermal conductivity were consistent with the theoretically expected values. 20 

Keywords: W/steel-composites; FAST/SPS; First wall; Thermal analysis; Mechanical analysis 21 

1. Introduction 22 

The joining of tungsten (W) and steel for the first wall of a future fusion reactor is 23 

challenging due to the mismatch in their coefficient of thermal expansion (CTE), which 24 

generates thermal stress peaks at their interface. A promising solution would be to in- 25 

troduce a functionally graded material (FGM), made of W/steel-composites with varying 26 

volume concentration of W, as an interlayer to gradually change the CTE [1–3]. Accord- 27 

ing to numerical calculations, a FGM consisting of three sublayers (25, 50, 75 vol% W) is 28 

a sensible compromise with regard to the manufacturing effort and stress reduction [1]. 29 

A potential route to manufacture these composites is via field assisted sintering technol- 30 

ogy/spark plasma sintering (FAST/SPS). FAST/SPS is an advanced powder metallurgy 31 

process that utilizes resistance heating and mechanical pressure to consolidate metallic 32 

or ceramic powders in a shorter time as compared to conventional powder metallurgy 33 

process [4–6]. Thus, in this work, W/steel-composites with three different volume con- 34 

centrations of W (25, 50 and 75 vol%) were manufactured. The aim of this work was to 35 

produce and characterize dense composites with lowest amount of detrimental brittle 36 

intermetallic compounds (IMC). Therefore, firstly, the influence of sintering parameters, 37 

consolidate’s thickness and particle size fraction (PSF) of the starting powders were in- 38 

vestigated. Secondly, optimized parameters were found out and optimized composites 39 

were manufactured. Finally, mechanical and thermophysical analysis on these opti- 40 

mized composites were performed considering its application as a FGM interlayer. 41 

2. Materials and Methods 42 

2.1. Powder preparation 43 
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Spherical W and steel powders were used as the starting material. Two batches of 44 

W powders were purchased: one from China Tungsten Online (Xiamen) Manu. & Sales 45 

Corp, China and the other from Tekna Advanced Materials, Canada. The PSF of the 46 

powders were +10/-30 µm and +30/-60 µm respectively. The D50 were ~17 µm and ~50 47 

µm respectively. Similarly, two batches of steel powders were purchased from Nanoval 48 

GmbH & Co. KG, Germany. The first batch had PSF of +10/-20 µm and D50 of 13 µm, the 49 

second batch had PSF of +3/-13 µm and D50 of 7 µm. The elemental composition of the 50 

steel powders was similar to that of a reduced activation martensitic/ferritic steel (Eu- 51 

rofer 97) [7–9]. The powder handling was done in an inert atmosphere glove box to pre- 52 

vent the oxidation of powders. The mixing of the powders was done as follows: the re- 53 

spective powders of desired PSF were weighed accordingly and filled in a plastic con- 54 

tainer, which was then sealed (inside the glove box) to maintain an inert atmosphere. 55 

Then, this container was removed out of the glove box and mounted in a tumble mixer 56 

and mixed for 72 hours to obtain homogenously mixed powders. Scanning electron mi- 57 

croscopy (SEM) images of some of the mixed powders are given in supplementary in- 58 

formation A. 59 

2.2. Sintering methodology 60 

The Sintering was performed using a lab scale FAST/SPS equipment (HP D-5 from 61 

FCT Systeme GmbH) using graphite tools (die and punches). The diameter of the die 62 

and punches was 20 mm. The tools were fabricated from an isostatically pressed graph- 63 

ite material (ISOSTATIC 2334 from MERSEN, France) of compressive strength 230 MPa. 64 

The geometry of the punch was optimized to withstand a pressure of 125 MPa.  65 

The mixed powder was filled in this die and then pre-pressed to 125 MPa pressure. 66 

The powder and the die were separated by a 0.025 mm thick molybdenum foilto reduce 67 

the diffusion of carbon from the graphite tools to the composite material [10]. The sinter- 68 

ing was performed under medium vacuum (~ 0.1 mbar). The pulse ON/OFF times of the 69 

pulsed DC current for the FAST/SPS cycle were 25 ms/5 ms respectively. The tempera- 70 

ture was monitored and controlled using a vertical pyrometer pointed at the bottom of 71 

bore in the punch. The heating rate was 100 K/min. The temperature was kept constant 72 

after reaching the desired sintering temperature for the desired amount of time (sinter- 73 

ing time). At the end of the sintering time, the current was switched off enabling the 74 

sample to cool down rapidly. 75 

Three compositions were sintered starting from 25 vol% W, as represented in Table 76 

1. For simplicity, 25 vol% W, 50 vol% W and 75 vol% W are labelled as 25W, 50W and 77 

75W respectively. Sintering parameters (PSF, temperature, time and pressure) were op- 78 

timized to achieve high densification. Moreover, the 25W was sintered for different con- 79 

solidate’s thicknesses in order to study its effect. The cross-section of the sintered com- 80 

posite was investigated by SEM images; the residual porosity and IMC were determined 81 

by image analysis. SEM micrographs were taken at different magnifications to include 82 

meso- and micro-scaled features; its mean value represents here the amount of porosi- 83 

ty/IMC and its standard deviation represents an error band. 84 

Table 1. PSF of the W and steel powders for different compositions. 85 

Composition Nomenclature PSF of W PSF of steel 

25W 25W10-30+75S10-20 +10/-30 μm +10/-20 μm 

50W 
50W10-30+50S10-20 +10/-30 μm +10/-20 μm 

50W10-30+50S3-13 +10/-30 μm +3/-13 μm 

75W 75W30-60+25S10-20 +30/-60 μm +10/-20 μm 

 86 

2.3. Characterization of composites 87 
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After the optimization of sintering parameters, composites with these optimized 88 

parameters were freshly sintered and then these composites were further characterized. 89 

For the characterizations, specimens were cut using wire electric discharge machining.  90 

2.3.1. Mechanical characterization 91 

4-point bending tests were performed on specimens of size 12 mm x 1 mm x 1 mm 92 

at 20 °C, 100 °C, 300 °C and 550 °C (under vacuum). The flexural stress (𝜎𝑓) and strain 93 

(𝜀𝑓) were calculated based on ASTM D7265/D7264M [11]. For correct interpretation of 94 

the results, it must be noted that the formula used for stress and strain calculation is only 95 

valid in the elastic regime. Furthermore, there is no standard for performing bending 96 

tests on such small specimens, so these stress-strain curves must be read with care. 97 

2.3.2. Thermophysical characterization 98 

The density and the relative density of the composites was measured using Archi- 99 

medes’ principle with the help of Ethanol fluid. The thermophysical characterizations 100 

were done by performing the following tests as described in Table 2: dilatometer, dy- 101 

namic differential scanning calorimetry (DSC), and laser flash analysis (LFA). These tests 102 

were performed to determine the following respective quantities: CTE, specific heat ca- 103 

pacity (𝑐𝑝) and thermal conductivity (𝜆). All the tests were performed under Ar atmos- 104 

phere. 105 

Table 2. Overview of thermophysical tests and testing conditions. 106 

Test Equipment Specimen (mm) Temperature (°C) 

Dilatometer LV75 from LINSEIS 4 x 2 x 15 20 to 1000 

DSC DSC 404 F3 from NETZSCH Ø 5 x 1.5 20 to 1000 

LFA LFA427 from NETZSCH 10 x 10 x 1.5 20, 200, 400, 600, 800, 1000 

The measured quantities were compared to their theoretical expected values. The 107 

theoretical expected secant CTE (𝛼𝑐𝑜𝑚𝑝) and specific heat capacity (𝑐𝑝,𝑐𝑜𝑚𝑝) for different 108 

volume concentration of W (𝑉𝑊) were calculated according to Eq. 1 and Eq. 2 respective- 109 

ly [1–3,12]. 𝛼𝑊  and 𝛼𝐸𝑢𝑟𝑜𝑓𝑒𝑟97  are the secant CTEs, 𝜌𝑊  and 𝜌𝐸𝑢𝑟𝑜𝑓𝑒𝑟97  are the densities, 110 

𝑐𝑝,𝑊 and 𝑐𝑝,𝐸𝑢𝑟𝑜𝑓𝑒𝑟97 are the specific heat capacities of pure W and Eurofer 97 steel, re- 111 

spectively [13–15]. 112 

𝛼𝑐𝑜𝑚𝑝(𝑉𝑊 , 𝑇) = 𝑉𝑊𝛼𝑊(𝑇) + (1 − 𝑉𝑊)𝛼𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(𝑇) (1) 

𝑐𝑝,𝑐𝑜𝑚𝑝(𝑉𝑊 , 𝑇) =
𝑐𝑝,𝑊(𝑇)𝜌𝑊𝑉𝑊 + 𝑐𝑝,𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(𝑇)𝜌𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(1 − 𝑉𝑊)

𝜌𝑊𝑉𝑊 + 𝜌𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(1 − 𝑉𝑊)
 (2) 

Unlike CTE and 𝑐𝑝, there is no specific relation to predict the theoretical thermal 113 

conductivity of such composites as it depends predominantly on the spatial microstruc- 114 

tural arrangement of W and steel constituents. Therefore, simple upper 115 

(𝜆𝑢𝑝𝑝𝑒𝑟−𝑏𝑜𝑢𝑛𝑑,𝑐𝑜𝑚𝑝) and lower bound (𝜆𝑙𝑜𝑤𝑒𝑟−𝑏𝑜𝑢𝑛𝑑,𝑐𝑜𝑚𝑝) models were suggested here to 116 

compare the measured values (see Eq. 3 and Eq. 4) [1,16]. Here, 𝜆𝑊 and 𝜆𝐸𝑢𝑟𝑜𝑓𝑒𝑟97 repre- 117 

sent the thermal conductivity of pure W and Eurofer 97 steel, respectively [13,14]. 118 

𝜆𝑢𝑝𝑝𝑒𝑟−𝑏𝑜𝑢𝑛𝑑,𝑐𝑜𝑚𝑝(𝑉𝑊, 𝑇) = 𝑉𝑊𝜆𝑊(𝑇) + (1 − 𝑉𝑊)𝜆𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(𝑇) (3) 

𝜆𝑙𝑜𝑤𝑒𝑟−𝑏𝑜𝑢𝑛𝑑,𝑐𝑜𝑚𝑝(𝑉𝑊 , 𝑇) = (
1 − 𝑉𝑊

𝜆𝐸𝑢𝑟𝑜𝑓𝑒𝑟97(𝑇)
+

𝑉𝑊
𝜆𝑊(𝑇)

)

−1

 (4) 

 119 
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3. Results and discussion 120 

3.1. Optimizing the sintering parameters for 25W 121 

Figure 1 (a) indicates the porosities of the 25W composites sintered at three sinter- 122 

ing temperatures for a sintering time of 5 min and at a pressure of 50 MPa. The thick- 123 

nesses of the sintered composites were also varied to 0.75 mm, 2 mm and 3 mm. The in- 124 

crease in temperature results in the decrease of residual porosity. For the composite sin- 125 

tered at 900 °C, the majority of pores were present inside the steel matrix and with the 126 

increase of sintering temperature these pores close down. The residual porosity for 127 

composite sintered at 1100 °C reduced to less than 1 %, but resulted in high amount of 128 

IMC (~ 6 %). These IMCs were not only present at the W-steel interfaces but also in re- 129 

gions close to W particles, mostly along the grain boundaries of the steel matrix. For 130 

thinner composites (2 mm and 0.75 mm), the increase in temperature from 1000 °C to 131 

1100 °C played no significant effect on the residual porosity. For a sintering temperature 132 

of 1000 °C, the reduction in consolidate’s thickness from 3 mm to 2 mm clearly reduced 133 

the residual porosity to less than 1 %. It is also worth mentioning that, in these compo- 134 

sites some occasional occurrence of bigger pores (~ 3 to 4 µm) were also found inside the 135 

steel matrix even though the overall residual porosity was less than 1 %. This reduction 136 

in porosity with the reduction in consolidate’s thickness is due to wall friction effect 137 

which reduces the active powder compaction pressure for thicker consolidate.  138 

 139 

Figure 1. Residual porosity of sintered 25W composites: (a) Effect of sintering temperature and 140 
consolidate’s thickness; (b) Effect of sintering pressure and consolidate’s thickness. 141 

Furthermore, in order to understand the effect of sintering pressure, the sintering 142 

was also performed at higher pressure (125 MPa) as shown in Figure 1 (b). For thicker 143 

consolidate (3 mm), the pressure significantly improves the consolidation by suppress- 144 

ing the wall friction effect. Based on these results, the optimum sintering parameter for 145 

25W composite was found to be 1000 °C, 125 MPa, and 5 min and the cross-section of an 146 

optimized sintered 25W composite is shown in Figure 2. Additional SEM micrographs 147 

are provided in supplementary information B. 148 
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 149 

Figure 2. Cross sectional SEM micrograph of 25W composite sintered with optimized parameter. 150 

3.2. Optimizing the sintering parameter for 50W 151 

At first, the composition 50W10-30+50S10-20 was sintered at temperatures between 152 

900°C and 1100°C at 50 MPa for time of 5 min. Also, based on the results of 25W compo- 153 

sites only two consolidate’s thicknesses were considered (3 mm and 0.75 mm). Here as 154 

well the increase in the sintering temperature resulted in better densification as seen in 155 

Figure 3 (a). But the porosity for the 3 mm thick composite sintered at 1000 °C was still 156 

high (7 %). Increasing the temperature to 1100 °C reduced the porosity but resulted in 157 

higher amount of IMC (~ 14.87 %). For the sintering temperature of 1000 °C, even the de- 158 

crease of the composite’s thickness from 3 mm to 0.75 mm did not improve the residual 159 

porosity. This implied that increasing the pressure would not lead to any sort of im- 160 

provement. 161 

 162 

Figure 3. Residual porosity of sintered 50W composites; (a) Effect of sintering temperature and 163 
consolidate’s thickness as well as the effect of 50W composition (50W10-30+50S10-20 and 50W10-30+50S3- 164 
13): (b) Effect of sintering time and pressure for the 50W composition (50W10-30+50S3-13). 165 

In order to keep the sintering temperature limited to 1000 °C (same as that of the 166 

optimized parameter for 25W), another composition with finer steel powder, 50W10- 167 

30+50S3-13, was investigated. In this case, a residual porosity of 1.6 % was already 168 

achieved at 1000 °C, 5 min, 50 MPa for a sample thickness of 0.75 mm as seen in Fig- 169 

ure 3 (a). Doubling the sintering time to 10 min led to a minor reduction of porosity, but 170 

the amount of IMC increased from 4.12 % to 9.86 % as seen in Figure 3 (b). When the 171 

pressure was increased to 125 MPa, the residual porosity reduced to less than 1 % while 172 

the amount of IMC remained almost the same. Therefore, the optimized parameters for 173 

25W10-30+75S10-20: 1000 C, 5 min, 125 MPa
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sintering the 50W composite were found to be 1000 °C; 125 MPa; 5 min and using the 174 

50W10-30+50S3-13 composition and the corresponding optimized composite is shown in 175 

Figure 4. Additional SEM micrographs are provided in supplementary information B.  176 

 177 

Figure 4. Cross sectional SEM micrograph of 50W composite sintered with optimized parameter. 178 

3.3. Optimizing the sintering for 75W 179 

The 75W composition contains 75 vol% W and this makes the sintering process 180 

challenging because of two reasons: Firstly, the presence of higher amount of W particles 181 

mean that the composite would contain more W-W contact points and generally the 182 

metallurgical bonding of W-W particles is difficult. Secondly, usually a higher sintering 183 

temperature in the range of 1800 °C to 2000 °C is required to sinter pure W using 184 

FAST/SPS process [17]. However, at such a high temperature the steel would melt and 185 

lower temperature would result in higher number of unbonded W-W particles. Previous 186 

studies on the sintering of W/steel-composite via a similar electric field assisted sintering 187 

process revealed that for higher volume concentration of W, the sintered composites 188 

contain higher amount of unbonded W-W particles. Hence, considering all these chal- 189 

lenges a coarser W powder of size +30/-60 μm instead of +10/-30 μm was used to reduce 190 

the amount of W-W particle contacts.  191 

Thus, the resulting composition 75W30-60+25S10-20 was sintered at various sintering 192 

temperature between 1000 °C and 1400 °C for a sintering time of 5 min. As seen in Fig- 193 

ure 5, as the sintering temperature increases the porosity decreases but at the same time 194 

the amount of IMC also increases. It is not trivial to determine the optimized sintering 195 

parameters for 75W composite; Firstly, at lower sintering temperature the porosity is 196 

higher, but at higher sintering temperature the amount of IMC is higher. Secondly, the 197 

sintering parameters for the 75W composite should be the same as for 25W and 50W in 198 

order to produce the whole FGM in one step. Therefore, the optimized parameter set for 199 

75W was also considered to be 1000 °C, 5 min at 125 MPa and the microstructure of the 200 

corresponding composite is shown in Figure 6. The left-hand side SEM micrograph 201 

shows that the composite is dense enough but, in some regions (as seen in the right- 202 

hand side SEM), the composite has higher porosity. Also, some of the W-W particles do 203 

not form any metallurgical bonding as represented by the red mark. Nevertheless, this 204 

composite will serve as the topmost 75W sublayer of the FGM. Additional SEM micro- 205 

graphs are provided in supplementary information C. 206 

steel
tungsten

50 μm 10 μm

50W10-30+50S3-13: 1000 C, 5 min, 125 MPa
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 207 

Figure 5. Porosities and IMC of 75W composites sintered at different temperatures. 208 

 209 

Figure 6. Cross sectional SEM micrograph of 75W composite sintered with optimized parameter. 210 

3.4. Properties of the composites 211 

3.4.1. Comprehensive microstructural analysis 212 

The conventional mechanical grinding and polishing process for the metallographic 213 

investigation doesn’t reveal intricate details, therefore in order to get a perfectly pol- 214 

ished surface focused ion beam cuts were made. The corresponding SEM micrographs 215 

(Figure 7) showing individual phases along with their elemental composition, deter- 216 

mined by energy-dispersive X-ray spectroscopy (EDX), as listen in Table 3. Following 217 

inferences were made based on this analysis: 218 

• Firstly, in all composites W-steel interface forms a thin (~ 100 nm) compound of 219 

composition FexWyCrz as confirmed by the EDX analysis (EDX-5). The values of 220 

EDX-5 should be read with care since the thickness of this compound is lower than 221 

the excitation area of EDX. 222 

• Secondly, nano-scale voids are present inside the steel matrix. 223 

• Thirdly, in 25W composite (Figure 7 (a)) the steel matrix close to W particle formed 224 

a ferritic (α) phase. This phase was formed because of the diffusion of W from the 225 

W-particle to the steel matrix. This resulted in around 8.9 wt% W inside this region 226 

as listed by EDX-3 in Table 3. As W is a ferrite stabilizer this region does not form 227 

martensitic during cool down but becomes ferritic. In the case of 50W composite 228 

(Figure 7 (b)), most of the steel phase became ferritic because of this interdiffusion 229 

of W (EDX-4). In the case of 75W composite as well (Figure 7 (c)), most of the steel 230 

matrix was found to be ferritic. 231 

• Fourthly, in 25W composite the steel matrix further away from the W particle re- 232 

tains its original chemical composition as listed by EDX-2. This elemental composi- 233 

tion is same to that of Eurofer 97 steel, which is a martensitic steel [8]. The SEM mi- 234 

crograph is this region clearly shows a martensitic phase structure. This was further 235 

confirmed by the cooling rate during the sintering process; the cooling rate between 236 
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1000 °C and 400 °C was found to be 210 K/min which is significantly higher than 237 

the critical cooling rate (~5 K/min) to accomplish martensitic transformation [8,18]. 238 

 239 

Figure 7. Comprehensive SEM micrographs showing individual phases: (a) 25W; (b) 50W; (c) 75W. 240 

Table 3. EDX spectrum analysis at different locations marked in Figure 7. 241 

EDX spectrum (wt%) Fe Cr W V Mn Ta 

EDX-1 0.5 - 99.5 - - - 

EDX-2 88.8 8.9 1.6 0.3 0.3 0.1 

EDX-3 82.8 8.3 8.3 0.2 0.4 - 

EDX-4 82.3 7.9 9.4 0.2 0.2 - 

EDX-5 31.9 4.3 63.6 0.1 0.1 - 

Note: It should be noted that EDX analysis was not performed on the FIB-cuts itself, but they were 242 
done on regions away from the FIB-cuts. The marks in Figure 7 are intended to clarify the phases 243 
on which the measurements were made. Also, carbon is selected as a deconvolution element. 244 
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3.4.2. Mechanical properties 245 

The flexural stress-strain curves of composites are shown in Figure 8. The 25W 246 

specimens tested at 300 °C and 550 °C did not fracture but the test had to be stopped at 247 

around 8 % flexural strain since this was the upper limit of the testing setup. The 50W 248 

and 75W composites were less ductile, however above 300 °C the 50W and 75W showed 249 

appropriate ductility and failed at around 3 % and 1 % flexural strain respectively. 250 

Above 550 °C, both 50W and 75W showed excellent ductility and failed at around 4 % 251 

flexural strain. Moreover, the maximum flexural strength of 50W and 75W is significant- 252 

ly lower than that of 25W. The strength of 75W was slightly higher than that of 50W but 253 

still comparatively less than that of 25W. This is because of the weak bonding between 254 

W particles. This implies that increasing the amount of W-W bonds in the W-steel com- 255 

posites is detrimental for the mechanical properties resulting in early failure. 256 

 257 

Figure 8. Flexural stress vs strain curves for: (a) 25W; (b) 50W; (c) 75W composite. 258 

3.4.3. Thermophysical properties 259 

The density measured by Archimedes’ principle is shown in Figure 9. The relative 260 

density of the composites shows that the composites are dense including the 75W as it 261 

has a relative density of 96 %. The measured (mea.) secant CTE and specific heat capaci- 262 

ty of the composites show a good agreement with the theoretical (th.) values as shown in 263 

Figure 10. The CTE of the composites gradually change from 25W to 75W and the values 264 

are within that of pure W and pure Eurofer 97 steel. The 𝑐𝑝 curve shows a clear curie 265 

transition peak at around 750 °C for all composites. Additionally, the intensity of the 266 

peak matches with the amount of steel present in the specimen. 267 
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Figure 9. Archimedes’ density and their corresponding relative density. 269 

 270 

Figure 10. (a) Secant CTE; (b) Specific heat capacity of the composites in comparison to their theo- 271 
retical values. In addition, values of pure W and pure Eurofer 97 steel [13–15]. 272 

The measured thermal conductivities of the composites are more inclined towards 273 

the theoretical lower bound values or even below as shown in Figure 11. For the 25W 274 

and 50W composites, despite having a relative density of 99 % the thermal conductivi- 275 

ties follow a lower bound value. This is because of the spatial arrangement of the W par- 276 

ticles; the W particles are mostly surrounded by the steel matrix which is analogues to a 277 

metal matrix composite with W particles being embedded inside the steel matrix. This 278 

implies that the heat must follow steel and W successively (one after the other) and the 279 

formula which predicts the lower bound values are suitable for composites in which the 280 

heat follows the constituents successively. Therefore, for 25W and 50W composites the 281 

lower bound model is more suitable. In the case of 75W, the temperature dependency of 282 

the thermal conductivity follows the theoretical upper bound model i.e. is dominated by 283 

the W contribution. However, the absolute values are much lower than the predicted 284 

ones. This implies a large thermal resistance within the material due to the weak or even 285 

non-existing bonding between W particles. 286 
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Figure 11. Measured and theoretically expected lower and upper bound values: (a) 25W; (b) 50W; 288 
and (c) 75W composite. 289 

4. Conclusions 290 

In the present work, FAST/SPS technique was used to manufacture W-steel compo- 291 

sites with three W concentrations: 25, 50 and 75 vol% W (25W, 50W and 75W). These 292 

composites will be used as a stress relieving functionally graded (FGM) interlayer for W- 293 

steel joining. Optimum sintering parameters have been found in this comprehensive 294 

study to be 1000 °C 125 MPa, and 5 min. The optimized 25W and 50W composites were 295 

successfully manufactured with less than 1 % porosity. Using the same parameters also 296 

for 75W resulted in a relative density of 96 %. The optimized composites also contained 297 

low amount of brittle intermetallic compounds. Microstructural analysis of composites 298 

revealed the presence of martensite and ferrite phases in the steel matrix. The thermo- 299 

physical properties of the composites agree very well with theoretical values calculated 300 

on the basis of simple rules of mixtures. The CTE of the composites gradually varies ac- 301 

cording to the volume concentration of W, which means that these composites are suita- 302 

ble to be used as sublayers of the FGM. The thermal conductivities of the composites 303 

agreed well with the expected theoretical lower bound values and were higher than that 304 

of pure Eurofer 97 steel. However, despite the high relative density of the 50W and 75W 305 

composite, their flexural mechanical properties were worse than that of 25W composite. 306 

Nevertheless, all composites still showed a reasonable ductility above 300 °C; it must be 307 

pointed out that the temperature of the coolant in the first wall will be about 300 °C and 308 

this means the lowest temperature such composites would undergo during operation is 309 

300 °C. This further implies that such composites would withstand the thermal stresses 310 

occurring during the thermal cycling in a future fusion reactor. As an intermediate step, 311 

a complete graded FGM was also sintered by placing the 25W, 50W and 75W premixed 312 

powders on top of each other and sintering at the optimized sintering parameter. A 313 

cross-sectional overview is provided in the supplementary information C. Furthermore, 314 

the gained knowledge and properties of the composites would help to understand the 315 

potential application of such FGM interlayer and would help the future work to assess 316 

the possibility to join W and steel using this FGM. 317 
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