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Abstract

The requirements for the divertor components of future fusion reactors are challenging
and therefore a stimulus for the development of new materials. In this paper, WC-Cu
composites are studied for use as thermal barrier between the plasma facing tungsten
tiles and the copper-based heat sink of the divertor. Composite materials with 50 % vol.
WC were prepared by hot pressing and characterized in terms of microstructure,
density, expansion coefficient, elastic modulus, Young’s modulus and thermal
diffusivity. The produced materials consisted of WC particles homogeneously
dispersed in a Cu matrix with densifications between 88 % and 98 %. The sample with
WC particles coated with Cu evidenced the highest densification. The thermal
diffusivity was significantly lower than that of pure copper or tungsten. The sample
with higher densification exhibits a low value of Young’s modulus (however, it is higher
compared to pure copper), and an average linear thermal expansion coefficient of
13.6x10° °C" in a temperature range between 100 °C and 550 °C. To estimate the
behavior of this composite in actual conditions, a monoblock of the divertor in extreme
conditions was modelled. The results predict that while the use of WC-Cu interlayer
leads to an increase of 190 °C on the temperature of the upper part of the monoblock
when compared to a pure Cu interlayer, the composite will improve and reduce

significantly the cold-state stress between this interlayer and the tungsten.

Keywords: WC-Cu composite, hot pressing, thermal diffusivity, densification,

modelling



60

65

70

75

80

85

1. Introduction

The heat generated in nuclear fusion reactors will be extracted by the first wall
of the blanket and in the water-cooled divertor. It is intended to perform a heat
collection without losses, which requires materials that can withstand intense neutron
irradiation and very high heat fluxes, without compromising their physical integrity.
The present design for the water-cooled divertor consists of tungsten monoblocks
crossed by a CuCrZr pipe where the coolant circulates. Tungsten was chosen to be the
plasma facing component due to the low sputtering [1], high melting point and a low
tritium retention at high temperatures. However, the tungsten grades presently available
are associated with relatively high ductile-to-brittle transition temperature and therefore
show a high probability of failure at room temperature during, for instance,
repair/cleaning operations after high temperature service [2]. The CuCrZr alloy is the
most promising heat sink material due to its high conductivity and ductility, allied to
high strength and microstructural stability [1]. The service temperature of CuCrZr,
however, is relatively low and the material suffers embrittlement under irradiation [3].
Therefore, there is a thermal operation gap as well as a thermal strain mismatch between
the two materials, induced by the dissimilar values of coefficient of thermal expansion
(CTE) [3][4]. For these reasons a thermal barrier interlayer between the tungsten and the
CuCrZr heat sink is required.

While pure copper is presently used as interlayer, several composites have been

studied for this purpose. Several authors have investigated a W-Cu interlayer [5,6,7].
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The critical drawback of W-Cu composite, however, is the loss of strength at elevated
temperatures owing to the softening of the copper matrix [8]. Schdbel et al. [9] suggests
a W-monofilament reinforced Cu composite (Wf-Cu) as a promising interlayer. The
results, however, revealed that the stress mismatch in the W-wires between the matrix
and the filaments lead to thermal fatigue damage during thermal cycling [10].

The present work focuses on copper matrix composites with tungsten carbide
(WC) particles as reinforcing phase. WC combines favourable properties, such as high
melting point [11] good wettability by molten copper [11], and, compared to W, has a
higher CTE [12] and lower thermal conductivity [13] making it a good choice as
reinforcing phase. Both carbon and tungsten have a very low solubility in liquid copper
and the high hardness of WC [11] is expected to act as a mechanical reinforcement of
the composite material. In order to understand the advantage of using the WC-Cu
cermet on the divertor, the response between a monoblock with a WC-Cu cermet
interlayer and with a pure copper interlayer was compared, under the effect of slow

transient heat pulse (20 MW/m? in 10 s).

2. Experimental

WC-Cu powder mixtures with 50 v/v % WC were produced by turbula blending
for 1 h in N, atmosphere, commercially pure WC powder with 99.9 % nominal purity
with Cu powder (irregular particles with size < 37 um) with 99.99 % nominal purity.
The details of the samples produced are in table 1. All the WC-Cu powders were
consolidated by hot pressing in an Idea Vulcan 70 VP press at a temperature of 1060 °C

using loads of 37 MPa with a heating rate of ~2 °C/s on graphite dies of 10 x 55 x 5
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mm’. The thermomechanical cycle was optimized to minimize the outflow of liquid

metal.

In one case (sample 3) the WC particles were previously coated with a Cu layer
deposited by magnetron sputtering deposition. For this purpose, a locally made
sputtering equipment was used, including a special mechanism to mix the powders with
random movement ensuring that the particles’ surface is uniformly exposed to the
plasma. After attaining a base pressure below 5x10™ Pa, argon was introduced in the
deposition chamber up to ~5x10" MPa and a power of 600 W was applied to the Cu
sputtering target to start the deposition process. The selected deposition parameters

resulted in the development of a nanocrystalline Cu thin film around the WC particles.

Table 1 — Samples details.

Sample Grain size (um) and Conditions
50WC-50Cu %(v/v) wC Cu
Sample 1 1 37
Sample 2 18 37
WC with 18 um coated
Sample 3 ) 37
with Cu

The microstructures of the consolidated materials were investigated using the
secondary and backscattered electron signals (SE and BSE, respectively) on polished as-
sintered surfaces, using a JEOL JSM-7001F scanning electron microscopy (SEM)
operated at an accelerating voltage of 20 kV and coupled with energy dispersive X-ray

spectroscopy (EDS).

The density of the samples was measured using the Archimedes method.
Thermal diffusivity measurements were performed with a laser flash instrument Flash

Line 5000 Anter Corporation in the 100— 400 °C temperature range.

Based on the high densification results, only sample 3 (50WC-50Cu
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composition, with WC particles coated with Cu layer) was used for the measurement of
the thermal expansion coefficient and Young’s modulus. The experimental values
obtained for this sample were used for the modelling study. The thermal expansion
coefficient was measured using the thermomechanical analyser Linseis TMA PT1600
with an alumina sample holder and a heating/cooling rate of 10 °C/min from room

temperature to 850 °C and performed at ambient atmosphere.

The Young’s modulus measurements were performed by the identation method
in a Shimadzu DHU-211S ultramicroindenter, using a Berkovich indenter with an edge
angle of 115°. The tests were made using a load-creep-unload cycle. The maximum load
was chosen to produce in all samples an indentation depth smaller than 100 nm. In this
way, after preliminary tests, the samples were indented at a constant rate of 0.35033
mN/s until a maximum load of 5 mN. The creep stage at maximum load had a duration
of 20 s. The Young’s modulus was determined from the analysis of the unloading
section of the load-displacement curves obtained.

In order to understand the thermal behaviour of the WC-Cu cermet, a finite
elements modelling (FEM) study of the temperature and stresses on the monoblock
divertor target, with a standard interlayer of copper and with an interlayer of the SOWC-
50Cu cermet, was performed. The geometry adopted corresponds to the specifications
for the 2™ design phase of the DEMO reactor (WPDIV) with a tungsten monoblock of
28x23x12 mm’, with a minimum vertical distance of 8 mm between the plasma facing
surface and the interlayer'; a CuCrZr cooling tube with (OD/ID = 15/12 mm) and an
interlayer of 1 mm thickness of either copper or cermet. Due to the symmetry, only one

quarter of the block was modelled. Figure 1 illustrates the geometry and the mesh used.

1 Note that this represents an increase of 3 mm comparing with previous specifications. This increase
implies an increase of the maximum temperature of the surface of approximately 200 °C in

comparison with similar ITER results.



155 A rectangular transient heat flux pulse of 20 MW/m?* for 10 s, corresponding to the
maximum heat flux load expected in DEMO was applied. The effect of the coolant
water is simulated considering a constant temperature of water of 130 °C and a heat
transfer coefficient between the cooling tube and the water of 200 Wm?K’,
corresponding to the high end of the values computed in [14]. The temperature

160 dependence of material properties was considered according to [15] for tungsten, copper
and the CuCrZr tube. For the S0OWC-50Cu cermets the experimental results measured in
this work were used and are indicated in Table 1. Thermal radiation emission was

considered on the plasma facing and lateral faces.

éinterlayer
iCuCrzr

165 Figure 1 - Geometry and mesh used for the FEM model. The geometry corresponds to a quarter part of a monoblock.

The arrow indicates the position of the vertical axis.

The stresses were computed considering a stress-free temperature of 580 °C,
corresponding to the typical joining temperature of the fabrication techniques used [16].
170 The Open Source packages Gmsh [17] and Elmer [18] were used, respectively for the

geometry and grid computation and for the thermal and linear elasticity models.



3. Results and discussion
3.1 Materials production and characterization
175
Figure 2 shows the microstructures of all the three samples produced with the
S50WC-50Cu composition. All consolidated materials consisted of WC particles
dispersed in a Cu matrix without any evidence of oxide formation. The microstructure
of sample 1, which only contains WC particles with 1um size (Figure 2 (a) and (e)),
180 evidences large WC aggregates with an average size of ~20 um. These probably
represent uninfiltrated agglomerates of WC powder or Cu particles loosely lumped
which were incompletely wet during hot pressing.

Sample 1 (WC with 1 um) Sample 2 (WC with 18 um)
e e

m
-

Figure 2 — SEM/BSE images showing the microstructure of SOWC-50Cu cermet with different grain sizes (a) and (d)

185  WC with 1um, (b) and (¢) WC with 18um, (c) and (f) WC with 18 pum particles coated with a Cu layer.

Different densifications were obtained for the materials as presented in Table
2. For samples 1 and 2 with single size WC of 1 pm and 18 pum, respectively, the
densification values were similar, which suggests that, in this case, densification is

not related with the WC grain size. Sample 3 (WC with 18 um coated with Cu layer)

190 evidences a higher densification, probably due to the strong interface between the coated



WC particles and the Cu matrix. The results indicate that in these composites and

consolidation conditions (1060 °C and 37 MPa), we were able to obtain an almost

complete densification only for sample 3 (WC with 18 pm coated with Cu layer).

195 Table 2 — Densification values of the SOWC-50Cu samples.
Samples Densification
Sample 1 (WC with 1um) 88% [20]
Sample 2 (WC with 18 um) 88%
Sample 3 98%

(WC particles coated with Cu layer)

Figure 3 presents the thermal diffusivity of two SOWC-50Cu samples (sample 1

and 3) as a function of temperature together with literature values for pure Cu [21],
CuCrZr [22], W [23] and WC [24]. The thermal diffusivity behavior of both samples is

200 Dbetween values of pure Cu and those for pure WC. However, the sample with higher
WC sizes (sample 3) evidences a higher thermal diffusivity values. This effect is
justified by the fact that increasing the grain size decreases the total area of grain
boundaries and the consequently decreases the scattering of electrons by these high
defect concentration regions, resulting in an increase in the thermal diffusivity as

205 suggested by Wang et al. [25].
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Figure 3 — Variation of thermal diffusivity of samples 1 and 3 with 5S0WC-50Cu composition with temperature. For

comparison, the curves for pure Cu [21], CuCrZr [22], W [23] and WC [24] are also presented.

The results obtained for the measurements of Young’s modulus measurements,

together with those of the thermal expansion coefficient for sample 3 (50WC-50Cu

composition with WC particles coated with Cu layer) are presented in Table 3. This

sample exhibits a relatively low value of Young’s modulus, however higher compared to

pure copper [26] as was expected. Moreover, the average linear thermal coefficient

assumes the value of 13.6x10° °C™'. This value is intermediate those of CuCrZr and W,

which is a good indication for a thermal interlayer application. A transformation

occurred between 635 °C and 850 °C, corresponding to an expansion of 1.2% of the

initial length.

Table 3 — Young’s modulus and thermal expansion coefficient values for the SOWC-50Cu with WC

particles coated with Cu layer cermet together with the values for pure Cu and WC.

Properties

Young’s
modulus
(GPa)

Thermal
expansion
coefficien

t

Sample
S0WC-50Cu
(WC coated
with Cu layer) Pure Cu
200
130 [26]
13.6x10° °C! 16.8x10° °C"'[28]

Pure WC

600-686 [27]

5.2 -7.3x10° °C'[29]

CuCrZr

128 [30] 340-405 [31]

17x10° °C'[30] 4.5-4.6x10° °C'[32]
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3.2 Modelling

We opted to model a monoblock with a cermet interlayer corresponding to
sample 3 (S0WC-50Cu composition with WC particles coated with Cu layer) as this
sample had the highest densification level. The model monoblock consisted of three
different layers: a W layer (plasma facing component), the interlayer under study (sample 3)
and the CuCrZr tube, as shown in Figure 1. For comparison, we also modelled a
monoblock with a pure copper interlayer. The simulation follows the heating of the
monoblock divertor target with the 10 s, 20 MW/m?* rectangular pulse and a subsequent
cooling time of 10 s. The results, however, are shown only at the end of the heat flux
pulse, as they are the most significant. Figure 4 shows the temperature distribution in
the monoblock respectively with a) a pure copper interlayer and b) a cermet interlayer
with contour surfaces between 250 °C and 2250 °C. After the pulse, the maximum
temperature on the top surface of the monoblock target is higher for the case with the
cermet interlayer (~2250 °C) in comparison to pure copper (~2000 °C). This effect is
due to the lower thermal conductivity and heat capacity of the cermet interlayer which
leads to a slow heat flow and consequently to a slight increase of the tungsten volume

reaching temperatures above the recrystallization temperature of 1300 °C.
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Figure 4 - Temperature distribution of the monoblock at 10 s (end of the power pulse) with (a) a copper

interlayer and (b) a SOWC-50Cu cermet interlayer. Temperature contour surfaces are also shown.

The temperature on the top of the interlayer is also different in the two cases.
Figure 5 shows only the interlayer and the temperature contour surfaces for (250, 350,
500 and 750 °C) at the end of the heat flux pulse, respectively for a) pure copper and b)
S50WC-50Cu cermet interlayer. The contour surfaces extend to the boundaries of the
monoblock. In the first case, for copper, only a small volume exceeds 500 °C (with a
maximum temperature of 537 °C) while for the case with S0WC-50Cu cermet interlayer
a larger volume reaches temperatures between 500 and 733 °C. In both cases, however,
the temperature at the interlayer/CuCrZr interface is below the joining temperature of
580 °C considered. Note that in both cases the top of the heat sink tube (on the inside of

the interlayer) exceeds the allowed service temperature of 350 °C.
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Figure 5 - Temperature distribution on the interlayer for a a) copper and a b) SOWC-50Cu interlayer. The

temperature contour surfaces extend to the boundaries of the monoblock.

The effect of the interlayer material on the stress at the interface
interlayer/CuCrZr tube and inside the interlayer can be estimated computing the von
Mises stress values. In this case the linear elasticity model used does not consider
plastic deformation and is not accurate beyond the plastic limit of each material. The
computed values of the von Mises yield criterion, however, should provide a qualitative
indication of the stresses in the material and allow a comparison of the behaviour of
these two interlayers (pure Cu and SO0WC-50Cu cermet). Figure 6 shows the von Mises
values for the CuCrZr heat sink and the interlayer at the end of the heat flux pulse,
respectively for the a) pure copper and b) S0WC-50Cu interlayers, together with the

temperature contour surfaces.
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Figure 6 - Distribution of von Mises stress in the heat sink tube and interlayer at the end of the heat pulse

for a) a copper and a b) SOWC-50Cu interlayer. Temperature contour surfaces as in figure 5.

In both cases the heat sink tube shows similar levels of von Mises stress, with maximum
values above 1 GPa. The stress in the interlayer, however, is much smaller for the
cermet than for pure copper. The effect of material type in the interlayer can be better
understood plotting, in figure 7, the von Mises stress and temperature distribution along
the line from the bottom to the top passing by the centre of the monoblock (indicated by
the arrow in figure 1) at t=10 s. The temperature distributions is practically the same in
the heat sink tube and below the cooling water tube for the two interlayer materials
studied. The increase in temperature of the plasma facing surface, observed with the
cermet interlayer, is established in the interlayer above the heat sink tube. The
temperature variation in the tungsten is linear with height for both interlayers (pure Cu
and the cermet). The inside surface of the heat sink tube shows very high values of von
Mises stress which are independent of the interlayer material. In fact, this stress
develops when the materials are assembled, and it is dependent on the joining

temperature. The cermet interlayer presents much lower values of stress when cold and
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induces also lower values of stress in the tungsten block than the pure copper interlayer.
The effect of heating on the upper part of the block is actually to reduce the stress
particularly in areas with temperature close to the joining temperature considered (580
°C). The minimum value of the stress observed in the upper interlayer on the point for
which, for each interlayer material, the temperature reaches the joining temperature.
There is no difference in the von Mises stress values on tungsten above the heat sink

tube.
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4. Conclusions

A WC-Cu composite material with 50 % volume fraction of copper was devised
for thermal barriers. The samples were prepared by hot pressing at 1060 °C with
pressures of 37 MPa. The consolidated materials consisted of WC particles dispersed in
the Cu matrix, without any evidence of oxide formation and with densifications between
88 and 98 %. The maximum densification value was achieved for a SOWC-50Cu sample
with WC particles coated with Cu. The thermal diffusivity for the composite materials is
much lower than for CuCrZr or tungsten, as desirable for thermal barrier materials.
Moreover, the S0WC-50Cu sample with WC particles coated by Cu exhibits a low value
of Young’s modulus, however, it is higher compared to pure copper. The average linear
thermal expansion coefficient was 13.6x10° °C"' between 100 and 550 °C. The
modelling results allows predicting that the use of a WC-Cu composite instead of
copper in the interlayer will lead to an increase in temperature of the upper part of the
monoblock. In addition, a heat flux pulse can increase the temperature of the plasma
facing surface up to 2380 °C and lead to an increase of the tungsten recrystallized layer.
The advantage of the composite interlayer lies in the significant reduction of the cold-

state stress in the interlayer and tungsten.
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