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The efficiency of generating electricity from heat using concentrated 
solar power plants (which use mirrors or lenses to concentrate 
sunlight in order to drive heat engines, usually involving turbines) 
may be appreciably increased by operating with higher turbine inlet 
temperatures, but this would require improved heat-exchanger 
materials. By operating turbines with inlet temperatures above 
1,023 kelvin using closed-cycle high-pressure supercritical carbon 
dioxide (sCO2) recompression cycles, instead of using conventional 
(such as subcritical steam Rankine) cycles with inlet temperatures 
below 823 kelvin1–3, the relative heat-to-electricity conversion 
efficiency may be increased by more than 20 per cent. The resulting 
reduction in the cost of dispatchable electricity from concentrated 
solar power plants (coupled with thermal energy storage4–6) would 
be an important step towards direct competition with fossil-fuel-
based plants and a large reduction in greenhouse gas emissions7. 
However, the inlet temperatures of closed-cycle high-pressure 
sCO2 turbine systems are limited8 by the thermomechanical 
performance of the compact, metal-alloy-based, printed-circuit-
type heat exchangers used to transfer heat to sCO2. Here we present 
a robust composite of ceramic (zirconium carbide, ZrC) and the 
refractory metal tungsten (W) for use in printed-circuit-type heat 
exchangers at temperatures above 1,023 kelvin9. This composite 
has attractive high-temperature thermal, mechanical and chemical 
properties and can be processed in a cost-effective manner. We 
fabricated ZrC/W-based heat-exchanger plates with tunable channel 
patterns by the shape-and-size-preserving chemical conversion of 
porous tungsten carbide plates. The dense ZrC/W-based composites 
exhibited failure strengths of over 350 megapascals at 1,073 kelvin, 
and thermal conductivity values two to three times greater than 
for iron- or nickel-based alloys at this temperature. Corrosion 
resistance to sCO2 at 1,023 kelvin and 20 megapascals was achieved10 
by bonding a copper layer to the composite surface and adding 50 
parts per million carbon monoxide to sCO2. Techno-economic 
analyses indicate that ZrC/W-based heat exchangers can strongly 
outperform nickel-superalloy-based printed-circuit heat exchangers 
at lower cost.

If concentrated solar power plants with thermal energy storage were 
to become cost competitive with fossil-fuel plants for electricity gen-
eration, then large-scale penetration of renewable solar energy into 
the electricity grid11–13 would be enabled, resulting in dramatic reduc-
tions in man-made CO2 emissions (we note that the largest sector-level 
contributor to global greenhouse-gas emissions is the generation of 
electricity and heat, with electricity accounting for 68 per cent of this 
sector14). A major technological barrier inhibiting such competitiveness 
is the development of compact heat exchangers capable of efficient 
heat transfer at ≥1,023 K for closed-cycle turbine systems operating 
with high-pressure sCO2 power cycles. The maximum stresses that can 
be sustained by the metal alloys used in printed-circuit heat exchang-
ers decline rapidly above 823 K (for example, allowed stresses fall8 to 

below 35 MPa at 1,073 K). Heat exchanger materials with enhanced 
high-temperature failure strength, thermal conductivity, and corrosion 
resistance that can be cost-effectively manufactured relative to current 
metal-alloy-based heat exchangers are required.

A key premise of this paper is that composites of ceramics and refrac-
tory metals can provide a highly attractive combination of properties for 
robust, cost-effective, compact heat exchangers9 capable of operating at 
≥1,023 K and ≥20 MPa. We demonstrate this here using co-continuous 
composites of ZrC and W. These are materials with ultrahigh-melting 
points (3,695 K for W and up to 3,700 K for ZrC, respectively15,16) that 
exhibit limited mutual solid solubility, do not react to form other com-
pounds and exhibit a solidus temperature17 of 3,073 K. Polycrystalline 
ZrC and W are both thermally conductive18,19 (α = 40 ± 5 W·m−1·K−1 
and 108 ± 13 W·m−1·K−1, respectively, at 1,000–2,500 K) and exhibit 
modest values of thermal expansion20,21 (0.46% and 0.35%, respec-
tively, from 298–1,023 K). As a result, ZrC/W composites are 
resistant to thermal shock at high heating rates (>1,000 K·s−1)22.  
While polycrystalline ZrC is stiff and highly creep resistant23, poly-
crystalline W undergoes a brittle-to-ductile transformation24 at ≤630 
K. Consequently, the carbide phase can endow co-continuous ZrC/W 
composites with high-temperature stiffness, whereas W can provide 
high-temperature ductility for enhanced resistance to fracture relative 
to monolithic ZrC.

Co-continuous ZrC/W composites of the desired shapes (bars, disks, 
plates) were fabricated via the shape-preserving reactive melt infiltra-
tion of rigid, porous tungsten carbide (WC) preforms. The WC pre-
forms were prepared by uniaxial compaction of a WC powder/binder 
mixture followed by heating to 1,673 K and holding for 2 min under an 
inert (argon, Ar) atmosphere (to allow for binder removal and initial 
stage sintering or necking of the WC particles). The resulting 52 ± 2% 
porous WC preforms could readily be machined using standard carbide 
tooling to generate the desired surface features (channels, headers), as 
shown in Fig. 1a. The porous WC preforms (Fig. 1b and c) were then 
heated to 1,373 K in a reducing (4% H2/Ar) atmosphere, lowered into a 
molten Zr2Cu bath held at this temperature (and atmosphere) to allow 
for infiltration, removed from the bulk melt, and then further heated 
to 1,623 K to promote the following displacement reaction:

⋅ + → + + ⋅1
2

Zr Cu(l) WC(s) ZrC(s) W(s) 1
2

Cu(l) (1)2

The combined volume of the solid reaction products (ZrC and W) is 
two times larger than the molar volume of the solid reactant (WC)25. 
Consequently, pores in the rigid WC preforms became filled with the 
more voluminous solid reaction products, and the non-reactive Cu liq-
uid was forced out, to yield dense ZrC/W-based composites (Fig. 1d–f) 
that retained the shapes of the starting porous WC preforms (the W 
particles, along with some unreacted WC, are seen as relatively bright 
phases, while the ZrC appears as a relatively dark phase in Fig. 1e). 
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Quantitative X-ray diffraction analyses, along with measurements of 
mass gain upon reactive infiltration, indicated that the ZrC/W-based 
composites were comprised of 58.1 ± 0.7 vol% ZrC and 35.7 ± 0.4 vol% 
W, along with residual 2.2 ± 0.6 vol% WC and 4.0 ± 0.7 vol% Cu (aver-
age values ±1 standard deviation, Extended Data Table 1). Comparison 
of the measured bulk densities (ρ = 11.15 ± 0.03 g·cm−3) of these 
specimens to the theoretical density of this composite (ρtheo = 11.43 ±  
0.02 g·cm−3) yielded modest porosity values (<3.0%). Because the 
reaction-induced increase in solid volume was accommodated by the 
prior pore volume within the rigid WC preforms, conversion into dense 
ZrC/W-based composites resulted in average dimensional changes of 
only −1.3 ± 0.8%. The shape-and size-preserving nature of this reactive 
conversion process allows for the cost-effective fabrication of dense, 
co-continuous ZrC/W composites with well controlled morphologies 
and dimensions from porous WC preforms that may be readily gener-
ated via inexpensive forming operations (which can include stamping 
and tape casting). Indeed, techno-economic analyses (discussed in 
more detail in the Methods) indicate that such cost-effective process-
ing can allow channelled ZrC/W-based heat exchanger plates to be 
manufactured at a cost competitive with or lower than for printed- 
circuit-type heat exchanger plates comprised of stainless steels or nickel- 
based superalloys.

The reaction-formed ZrC/W-based composites were found to 
exhibit attractive thermal and mechanical properties for high- 
temperature heat exchanger operation. Measurements of the thermal 
diffusivity26 (α = 0.201 ± 0.013 cm2·s−1) and specific heat capacity 
(Cp = 0.285 ± 0.019 J·g−1·K−1) of the ZrC/W-based composites yielded 
an average thermal conductivity (κ = αCpρ) of 66.0 ± 4.6 W·m−1·K−1 at 
1,073 K, which was 2.5 to 3 times greater than for Fe-based or Ni-based 
alloys at this temperature (Extended Data Table 2). The high thermal 
conductivity of the ZrC/W-based composite relative to Fe-based and 
Ni-based alloys is of substantial benefit for the performance of com-
pact heat exchangers (that is, higher heat exchanger effectiveness can 
be achieved for the same heat exchanger geometry). Values of fracture 
strength were obtained from four-point bend tests27,28 at room temper-
ature (298 K) and at 1,073 K in an inert (Ar) atmosphere. The bend tests 
at 1,073 K were conducted both without and after thermal cycling (ten 
cycles from room temperature to 1,073 K at a rate of 10 K·min−1). The 
failure strengths of the ZrC/W specimens obtained at room temperature, 
at 1,073 K without thermal cycling, and at 1,073 K after thermal cycling 

were 348 ± 45 MPa, 369 ± 22 MPa and 387 ± 14MPa, respectively. The 
comparable values of failure strength obtained at room temperature and 
at 1,073 K (with and without thermal cycling) were notable given the 
dramatic reductions in strength above 823 K reported for metal alloys 
considered for use in heat exchangers for heat transfer to sCO2 (that is, 
maximum allowed working stresses of such metal alloys8 are ≤35 MPa 
at 1,073 K). The retained stiffness and strength of the ZrC/W-based 
composite at 1,073 K allows for the use of thinner heat-exchanger plates 
comprised of this material than for plates comprised of Fe- or Ni-based 
alloys which, in turn, can enhance the high-temperature performance 
and lower the cost of ZrC/W-based heat exchangers.

Another critical issue is oxidation, given that ZrC and W are not oxi-
dation resistant at elevated temperatures29,30. Here we have developed 
a strategy for endowing ZrC/W-based composites (or other oxidizable 
materials10) with resistance to high-temperature oxidation by sCO2-
based fluids. Thermodynamic calculations (discussed in more detail 
in the Methods) indicated that the addition of >20 parts per million 
(p.p.m.) CO to sCO2 will prevent the oxidation of copper according to 
the following reaction at ≤1,073 K:

+ ↔ +2Cu(s) {CO } Cu O(s) {CO} (2)2 2

where {CO2} and {CO} refer to carbon dioxide and carbon monoxide, 
respectively, present in a fluid solution. Hence, Cu should act as an oxi-
dation-resistant surface layer in such supercritical CO/CO2 mixtures10. 
CO/CO2 mixtures have previously been used to lower the effective 
oxygen partial pressure in hot CO2-rich gases at ambient pressure, but 
the addition of CO to sCO2-based fluids (for buffered supercritical 
fluids), coupled with the use of a metal surface layer (such as Cu) that 
is inert in such fluids10, has not been previously reported, to our knowl-
edge, as a means of suppressing oxidation in such sCO2-based fluids. 
ZrC/W-based composite specimens were sealed within Cu by diffusion 
bonding, as illustrated in Fig. 2a. Corrosion tests were then conducted 
for up to 1,000 h at 1,023 K and 20 MPa with sCO2 fluids containing 
50 p.p.m. CO. Weight measurements obtained before and after such 
exposure from five Cu-encapsulated ZrC/W-converted specimens did 
not yield a detectable weight gain. A backscattered electron image of 
a polished specimen cross-section obtained after such exposure, with 
associated elemental maps for Cu, O, Zr and W, is shown in Fig. 2c. 
The interface between the Cu layer and ZrC/W-based composite was 
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Fig. 1 | Scalable fabrication of dense, channelled ZrC/W plates.  
a, Photograph of a porous, rigid WC preform plate with four parallel 
millichannels in a serpentine pattern with two flat-bottom headers.  
b, c, Secondary electron image of a fractured cross-section of a porous, 
rigid WC preform (b) and its corresponding X-ray diffraction pattern (c). 
d, Photograph of a dense, channelled ZrC/W-based plate generated by 

reactive conversion of a rigid, porous, channelled WC plate.  
e, f, Backscattered electron image of a polished cross-section of a dense 
ZrC/W-based composite prepared by reactive Zr2Cu(l) infiltration into a 
porous WC preform (e) and its corresponding X-ray diffraction pattern (f).  
(a.u., arbitrary units.).
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free of any Zr-O-based or W-O-based scale, which was consistent with 
the calculated low oxygen flux through Cu from the CO-bearing sCO2 
fluid at 1,023 K (Methods). These tests confirmed that Cu can act as an 
effective barrier to inhibit corrosion of ZrC/W-based composites (or 
other oxidizable materials) in buffered supercritical CO/CO2 fluids.

The appreciably higher values of thermal conductivity and failure 
strength of ZrC/W composites relative to Fe- or Ni-based structural 
alloys at ≥1,023 K enables higher values of heat exchanger effectiveness 
and power density (for the same channel shape, diameter and length). 
Calculated power density values of a 17.5-MW printed-circuit-type  
heat exchanger operating with 95% effectiveness for heat transfer 
to sCO2 at 873–1,073K via a Brayton cycle are illustrated in Fig. 3 
(see Methods). For these calculations, each printed-circuit-type heat 
exchanger was assumed to contain channels that were straight and par-
allel, with semicircular cross-sections of diameter 2 mm and lengths 
of 2.83 m. The thickness of each plate in the printed-circuit-type heat- 
exchanger stack and the spacing between the channels (which yielded 
the volume of solid material and power density) were then determined 
from the maximum allowed stresses for each type of material (with a 
factor of safety, FOS, of 2 or 3 considered for the ZrC/W failure bend 
strength of 370 MPa). As revealed in Fig. 3, the higher values of the 
strength for ZrC/W-based composites allow printed-circuit-type heat 

exchangers to operate at power density values that are at least double 
those for printed-circuit-type heat exchangers comprised of stainless 
steels or nickel-based superalloys.

This work demonstrates that cost-effective, reaction-formed com-
posites comprised of co-continuous ceramics and refractory metals, 
such as ZrC and W, can possess unusual and attractive combinations 
of properties. The use of such composites in heat exchangers could 
appreciably enhance the high-temperature performance of renewable 
concentrated solar power systems, which is an important step towards 
cost parity with fossil fuel-derived electricity for reduced greenhouse 
gas emissions. Although in this paper we have focused on compact 
ZrC/W-based heat exchangers in concentrated solar power systems 
operating with high-pressure sCO2-based power cycles at ≥1,023 K, we 
envisage that cost-effective, reaction-formed ceramic/refractory metal 
composites could be tailored for use in other desired high-temperature 
components, enabling more efficient electricity generation in nuclear, 
natural gas and other power systems.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0593-1.
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Fig. 2 | Corrosion resistance of a Cu-bearing ZrC/W composite to a 
buffered supercritical CO/CO2-bearing fluid at 1,023 K. a, Illustration 
of the Cu encapsulation of a ZrC/W-converted specimen. b, Photograph 
of a Cu-encapsulated ZrC/W specimen after exposure to a sCO2 fluid 
containing 50 p.p.m. CO for 1,000 h at 1,023 K and 20 MPa. c, Secondary 
electron image and elemental maps for Cu, O, Zr and W of a polished 
cross-section of such a specimen, after exposure to a sCO2 fluid containing 
50 p.p.m. CO for 1,000 h at 1,023 K and 20 MPa (the top Cu layer was  
1 mm thick).
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MEthodS
Fabrication of rigid, porous WC preforms. Shaped green bodies were gen-
erated from mixtures of WC powder (5–6-µm diameter particle size, SC55S, 
Global Tungsten & Powders) and isobutyl methacrylate (IBMA, Elvacite 2045, 
Lucite International) as a binder. A slurry comprised of 89 wt% WC powder 
and an 11 wt% IBMA/acetone solution (11 wt% IBMA dissolved in acetone) 
was first prepared. The slurry was placed, along with WC milling media (9.5 
mm diameter balls; WC ball:slurry weight ratio of 4.4:1), in the tank of a water-
cooled attrition mill (SC-1 attritor, Union Process) and then mixed for 10 min 
with the WC impeller of the attrition mill rotating at 80 r.p.m. After drying for 
12 h at room temperature, the resulting solid WC/IBMA powder mixture was 
milled (ball:powder weight ratio of 4.9:1) for an additional 30 s at 120 r.p.m. (to 
break up agglomerates) and then passed through a 200 mesh sieve. The WC/
IBMA powder mixture (1.4 wt% IBMA) was then formed into plates (9 cm ×  
15 cm × 1 cm) or disks (12.5 mm diameter × 3 mm thick; 4.85 mm diameter  
× 3.8 mm thick) via compaction within single action, graphite-lubricated steel 
dies of appropriate shape at a peak pressure of 10 MPa at room temperature. The 
compacted WC/IBMA specimens were then heated in a flowing high-purity Ar 
atmosphere at 2.5 K·min−1 up to a peak temperature of 1,673 K (to allow for 
binder removal) and held at this temperature for 2 h (to allow for initial stage 
sintering or necking of the WC particles) to yield rigid WC preforms with bulk 
porosity values of 52 ± 2%. Green machining of the surfaces of rigid, porous 
WC preforms was conducted with a computer numerical-controlled (CNC) 
milling machine (Miyano TSV-35, Precision Technologies) at a traverse rate of  
38 cm·min−1 using a 3-mm carbide ball tool rotating at 5,000 r.p.m. (to generate 
channels of semi-circular cross-section) and a flat-bottomed carbide tool (to 
generate flat-bottomed headers).
Conversion of porous WC preforms into dense ZrC/W composites. The rigid, 
porous WC preforms were transformed into dense ZrC/W composites via pres-
sureless infiltration and reaction with liquid Zr2Cu. Alloying of the Zr2Cu liquid 
and the reactive melt infiltration process were conducted within a controlled- 
atmosphere, electrically heated, vertical tube furnace (mullite tube). The Zr2Cu 
liquid was prepared by melting stoichiometric mixtures of Zr (≥99.2% purity, 
Zirconium Research Corp.) and Cu (≥99.9% purity, McMaster Carr) at 1,473 K 
for ≥2 h in a flowing 4%H2/Ar atmosphere within a graphite crucible. To allow 
for immersion and retrieval from the Zr2Cu liquid bath, the porous WC preform 
plates or disks were lowered and raised in a vertical orientation within an open 
graphite support frame consisting of two horizontal plates (a top plate and a bottom 
plate) and two vertical (side wall) plates. The top horizontal graphite plate con-
tained a hole for connection to a vertical graphite ram (to allow for lowering and 
raising of the graphite frame containing the porous WC preform into the Zr2Cu 
bath). After heating the WC preform and Zr2Cu(l) to 1,373 K (above the 1,273 K 
congruent melting temperature of Zr2Cu) in a flowing 4%H2/Ar atmosphere, the 
support frame was lowered at a rate of 5 cm·min−1 into the Zr2Cu melt bath so as 
to completely immerse the porous WC preform. After immersion, the infiltrated 
preform was raised out of the Zr2Cu melt bath at a rate of 5 cm·min−1 and then 
heated at 1 K·min−1 to 1,623 K and held at this temperature for 2 h to further the 
conversion reaction of WC into the ZrC/W composite. After cooling to room 
temperature within the flowing 4%H2/Ar atmosphere, the reacted specimen was 
removed from the vertical tube furnace.
Macrostructural and microstructural characterization of the ZrC/W com-
posites. Archimedes measurements, using water as the buoyant fluid, were 
used to obtain density values for the ZrC/W-converted specimens. The overall 
dimensions and the dimensions of surface features (channels, headers), of the 
converted specimens were obtained with the use of a digital caliper (CD-6′′ CSX 
ABSOLUTE Digimatic, Mitutoyo) to allow for comparison with the correspond-
ing dimensions of the starting porous WC preform. The ZrC/W-converted spec-
imens were cross-sectioned by a diamond sectioning saw (Techcut 4 Precision 
Low Speed Saw, Allied High Tech Products Inc.) or by electrodischarge machin-
ing (FX20K CNC Wire EDM, Mitsubishi Electric Corp.). Such cross-sections 
were mounted in epoxy and then ground and polished with a series of diamond 
pastes to a surface finish of 1 µm. Microstructural analyses of these polished 
cross-sections were conducted with a field-emission-gun scanning electron 
microscope (S-4800 FE-SEM, Hitachi) equipped with an energy dispersive X-ray 
spectrometer (INCA EDS, Oxford Instruments). X-ray diffraction analyses of the 
phase contents of the ZrC/W-converted specimens were conducted with Cu Kα 
radiation at a scan rate of 3 degrees·min−1 (D2 Phaser diffractometer, Bruker). 
To allow for quantification of the phase content, X-ray diffraction calibration 
curves were generated from mixtures of W, WC and ZrC powders combined in 
proportions consistent with the stoichiometry of reaction (1) for various degrees 
of reaction.
Quantitative phase analyses of ZrC/W-converted specimens. The reaction of 
Zr2Cu liquid within an infiltrated WC preform to form ZrC and W, with residual 
retained Cu and WC, can be described by the following reaction:

Q7

+ → + + − +

+ 

 − 




a a a a b

a b

2
Zr Cu(l) WC(s) ZrC(s) W(s) (1 )WC(s) Cu(s)

2
Cu(l)

(3)
2

where Cu(s) refers to solid copper retained in the specimen, and Cu(l) refers to 
liquid copper extruded back out of the specimen (upon filling of the prior pores 
with the solid ZrC and W products of this reaction). The value of the parameter 
a for this reaction (an indication of the extent of reaction) is related to the molar 
W:WC ratio in a reacted specimen as follows:

=
−
a

a
W

WC (1 )

The molar W:WC ratio was determined from quantitative X-ray diffraction anal-
ysis of the reacted specimen; that is, the ratio of the areas A under the (110) and 
(100) X-ray diffraction peaks for W and WC, respectively, was determined and 
then a calibration curve (providing the correlation between this A110(W)/A100(WC) 
ratio and the molar W:WC ratio31) was used to determine the molar W:WC ratio. 
The value of the parameter b was then obtained from the measured mass gain, Δm, 
of the infiltrated/reacted specimen, according to the following equation:

Δ
=

+ + − + −m
m

a a a b( MW AW (1 )MW AW ) MW
MWo

ZrC W WC Cu WC

WC

where mo refers to the starting mass of the porous (non-infiltrated) WC preform, 
MWi refers to the molecular weight of compound i, and AWj refers to the atomic 
weight of element j. Knowledge of parameters a and b, along with the molar vol-
umes25,32 of ZrC, WC, W and Cu, were used to determine values of the volume 
percentages of these phases in reacted specimens. The theoretical densities of 
non-porous composites comprised of such ZrC, W, WC and Cu mixtures were 
then compared to measured specimen densities to obtain bulk porosity values. The 
experimentally determined values of the extent of reaction, phase content, density 
and porosity for five reactively converted specimens are provided in Extended 
Data Table 1.
Evaluation of the high-temperature thermal conductivity of ZrC/W compos-
ites. A ZrC/W-converted disk was cut by electrodischarge machining into cylin-
drical specimens with: (1) 12.5 mm diameter and 3 mm thickness (for thermal 
diffusivity analyses) and (2) 4.85 mm diameter and 3.8 mm thickness (for heat 
capacity analyses). Laser flash measurements26 (Flashline 4010 Thermal Properties 
Analyzer, Anter Corporation) were used to obtain thermal diffusivity values, and 
differential scanning calorimetry (LABSYS Evo TG-DTA-DSC Analyzer, Setaram 
Instrumentation) was used to evaluate the heat capacity of ZrC/W-converted spec-
imens at 1,073 K (both analyses were conducted at the Orton Materials Testing 
and Research Center, Westerville, Ohio, USA). These measurements then yielded 
the value of thermal conductivity at 1,073 K according to the equation κ = αCpρ, 
with κ the thermal conductivity (in units of W·m−1·K−1), α the thermal diffusivity 
(cm2·s−1), ρ the density (g·cm−3), and Cp the specific heat capacity (J·g−1·K−1). The 
average value of thermal conductivity, and the 95% confidence limit range, were 
determined from measurements conducted on nine separate specimens.
Evaluation of the fracture strength of ZrC/W composites. A ZrC/W-converted 
disk was cut by electrodischarge machining into bars of rectangular cross-section, 
and then ground and chamfered (Bomas Machine Specialties Inc.) to yield four-
point bend test specimens with dimensions27,28 of 2 mm (±0.05 mm) × 1.5 mm 
(±0.05 mm) × 25 mm. Fracture strength tests were conducted at 298 K, at 1,073 K  
and at 1,073 K after thermal cycling. The latter specimens were cycled ten times 
between 298 K and 1,073 K at a heating rate of 10 K·min−1in a high-purity Ar 
atmosphere. Each test specimen was loaded onto a four-point test fixture (loading 
span of 20 mm, support span of 10 mm; refs. 27 and 28) contained in a controlled 
atmosphere furnace. For the tests conducted at 1,073 K, the furnace chamber was 
evacuated and backfilled three times with 4% H2/Ar gas. The temperature was 
then raised to 1,073 K at a rate of 10 K·min−1 under flowing 4% H2/Ar gas. An 
increasing force was applied with a crosshead speed of 0.0083 mm·s−1, with the 
force measured continuously to the point of specimen failure. The fracture strength 
was calculated using the following equation:

σ =
PL
bd

3
4F 2

with P the break force, L the outer span, b the specimen width and d the specimen 
thickness. For each of the three test conditions (298 K, 1,073 K and 1,073 K after 
thermal cycling), the average fracture strength value, and the 95% confidence limit 
range, were determined from measurements conducted on ten separate specimens.
High-temperature thermal and mechanical properties of ZrC/W, IN740H and 
IN617. Values of the solidus temperature, the high-temperature (1,073 K) specific 
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heat capacity, the thermal conductivity and the failure strength for ZrC/W and for 
the high-temperature nickel-based superalloys, Inconel 740H and Inconel 617, are 
provided in Extended Data Table 2.
Corrosion resistance of Cu-covered ZrC/W in CO-bearing sCO2. Corrosion test-
ing of Cu-encased ZrC/W specimens was conducted in a supercritical CO-bearing 
CO2 mixture at 1,023 K and 20 MPa. Copper encapsulation was conducted by 
placing a 10 mm × 10 mm × 1 mm ZrC/W-converted specimen inside a cavity 
machined into a copper plate (Fig. 2a). A sheet of copper (0.5 mm thick or 1 mm 
thick) was placed on top of the ZrC/W sample and the copper plate, and hot press-
ing was then conducted at 1,193 K at 10 MPa for 2 h to bond the copper sheet to the 
sample and the copper plate. Five such Cu-encapsulated ZrC/W specimens were 
then exposed to a flowing mixture (around 0.10 kg·h−1) of CO2 with 50 ± 10 p.p.m. 
CO (as measured with a gas chromatograph) at 1,023 K and 20 MPa for 1,000 h. 
Weight change measurements were obtained before and after such exposure for 
each specimen. The specimens were also cross-sectioned by a diamond sectioning 
saw, mounted in epoxy, and then polished to a 1-µm finish to allow for analyses 
with a field-emission-gun scanning electron microscope.
Thermodynamic analysis of Cu compatibility with CO-bearing sCO2 mixtures 
at ≤1,073 K. Thermodynamic calculations indicated that small additions of CO 
to the sCO2 could reduce the oxygen fugacity to values sufficiently low to avoid 
the oxidation of certain metals, such as copper. Consider the following reaction:

+ ↔ +2Cu(s) {CO } Cu O(s) {CO} (4)2 2

where {CO2} and {CO} refer to carbon dioxide and carbon monoxide, respectively, 
present in a fluid solution. For pure Cu and pure stoichiometric Cu2O present in 
their pure reference states, the equilibrium CO/CO2 fugacity ratio for this reaction 
at 1,073 K and 1 atm total pressure is 15.3 × 10−6 (at 1,023 K, this ratio decreases to 
8.12 × 10−6)33. With equal moles of reactant fluid (CO2) and product fluid (CO) 
on both sides of this reaction, the volume V change per mole of reaction should 
be relatively small and is likely to be positive32 (since the volume of one mole of 
Cu2O is larger than the volume of 2 moles of Cu). Consequently, the change in the 
Gibbs free energy for this reaction with total pressure P at a given temperature T 
(∂ΔGrxn/∂P|T = ΔVrxn) should be relatively small and probably positive (that is, 
the equilibrium for this reaction as written above is likely to shift slightly to the 
left with increasing total pressure), so that the equilibrium CO/CO2 fugacity ratio 
for this reaction should probably decrease slightly as the total pressure increases. 
Hence, with the addition of 20 p.p.m. or more of CO to sCO2, we expected that the 
oxidation of Cu in such a CO-bearing sCO2-based fluid at ≤1,073 K and 20 MPa 
would be avoided10. This expectation was confirmed by the lack of a detectable 
weight gain (due to oxidation) of a Cu-encapsulated specimen after exposure to a 
mixture of 50 p.p.m. CO in sCO2 for 1,000 h at 1,023 K and 20 MPa.
Analysis of the oxygen flux through Cu. Although the thermodynamic analysis 
above indicates that Cu should not oxidize in sCO2 containing 50 p.p.m. CO at 
≤1,073 K, the low concentration of oxygen present in such a fluid at equilibrium 
may dissolve into, and migrate through, solid Cu. Hence, a calculation of the max-
imum oxygen flux through Cu exposed to such a mixture of CO and CO2 was 
conducted.

The diffusivity of oxygen DO (in units of cm2 s−1) in copper (for temperatures in 
the range of 973 K to 1,573 K) has been reported to obey the equation34:

= . × × −− − −D JR T1 16 10 exp{ 67, 300 }O
2 1 1

The solubility of oxygen XO (the oxygen atom fraction) in copper (for the oxygen 
partial pressure established by the Cu/Cu2O equilibrium) has been reported to 
obey the equation34:

= × − − −X JR T154 exp{ 149, 600 }O
1 1

These equations yield, at 1,023 K, DO = 4.25 × 10−6 cm2 s−1 and XO = 3.54 × 10−6.
The standard Gibbs free energy changes per mole of the following reactions:

+ ↔{CO} 1
2

{O } {CO } (5)2 2

+ ↔2Cu(s) 1
2

{O } Cu O(s) (6)2 2

at 1,023 K and 1 atm are ΔGo
rxn(5) = −193,551 J and ΔGo

rxn(6) = −93,854 J (ref. 33). 
Hence, the equilibrium oxygen fugacity associated with reaction (5) at a fCO2/fCO 
ratio of 0.99995/0.00005 (50 p.p.m. CO in CO2) at 1,023 K and 1 atm total pressure 
is 6.87 × 10−12 atm. The equilibrium oxygen fugacity associated with reaction (6) 
at 1,023 K and 1 atm total pressure is 2.60 × 10−10 atm. According to Sievert’s law35 
(which applies for low oxygen contents where Henry’s law is valid, as should be 
the case here for reactions (5) and (6) at 1,023 K), the solubility of a diatomic gas 
in a condensed phase should vary with the square root of the gas partial pressure 

(or fugacity). Hence the solubility of oxygen in copper that is equilibrated with 
a 50 p.p.m. CO-bearing sCO2 mixture at 1,023 K should be (ignoring non-ideal 
behaviour for the CO-bearing sCO2 mixture, as an approximation):

. . . /

/ /

= .  × / .  × − − /
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or

/ = .  × −X (at fraction for 50 ppm CO sCO equilibrium) 5 75 10O 2
7

Consider a dense layer of Cu on top of a ZrC/W composite exposed to such a  
50 p.p.m. CO-bearing sCO2 mixture at 1,023 K. If a linear concentration gradient 
is assumed for oxygen through the copper layer under steady-state conditions (that 
is, assuming that the diffusion of oxygen in copper is independent of the oxygen 
concentration and that chemical reactions at both the CO/sCO2:Cu and Cu:ZrC/W 
interfaces are at local equilibrium), then the approximate atomic flux of oxygen JO (in 
units of moles of oxygen cm−2 s−1) through such a copper layer may be expressed as:

= − /J D DX LV{ (Cu)}O O o m

where ΔXo is the difference between the atomic fraction of 
oxygen dissolved in copper at the Cu:CO/sCO2 interface and that 
at the Cu:ZrC/W interface; L is the thickness of the copper layer; 
and Vm(Cu) is the molar volume (in units of cm3·per mole) of 
copper. The maximum flux of oxygen would occur if it is assumed 
that the mole fraction of oxygen dissolved in Cu at the Cu:ZrC/W 
interface is zero. Hence, the maximum oxygen flux is given by:

= − /J D DX LV{ (Cu)}O
max

O o m

Using a Cu molar volume32 of 7.11 cm3·per mole, along with the values of DO 
and Xo calculated above, the maximum steady-state flux of oxygen through a Cu 
layer of 1,000 µm (0.1 cm) thickness at 1,023 K in a 50 p.p.m. CO-bearing sCO2 
mixture is thus:

= − . × − − −J 3 44 10 moles O cm sO
max 12 2 1

For this value of the oxygen flux, 124 × 10−5 moles of O per cm2 (or effectively 
6.20 × 10−6 moles of O2 per cm2) would migrate through such a Cu layer in 1,000 h  
(3.6 × 106 s). If it is assumed that all of the oxygen arriving at the Cu:ZrC/W interface 
reacted with ZrC/W to generate either monoclinic ZrO2(s) or WO2(s) products by 
the following reactions, then the corresponding thicknesses of ZrO2 or WO2 layers  
(for ZrO2 and WO2 molar volumes of 21.2 cm3·per mole and 19.6 cm3·per mole,  
respectively32) would be only 1.3 µm or 1.2 µm, respectively.

+ ↔ +ZrC(s) 2{O} ZrO (s) C(s) (7)2

+ ↔W(s) 2{O} WO (s) (8)2

Given the assumptions made in this maximum oxygen flux calculation (for 
example, rapid chemical reactions and local equilibrium at the CO/sCO2:Cu 
and Cu:ZrC/W interfaces, complete consumption of all of the oxygen arriving at 
the Cu:ZrC/W to form ZrO2 or WO2, composition-independent diffusion coef-
ficient for oxygen transport through Cu), the modest amount of oxide forma-
tion predicted was consistent with the negligible amount of oxide detected at the 
Cu:ZrC/W interface (Fig. 2) after exposure for 1,000 h to a mixture of 50 p.p.m. 
CO in sCO2 at 1,023 K and 20 MPa.
Performance analyses of ZrC/W-based heat exchangers. Performance calculations 
were conducted for a 17.5 MW-thermal (MWth) counter flow compact (printed- 
circuit-type) heat exchanger, designed to be representative of an intermediate heat 
exchanger for a 10 MW-electric (MWe) concentrated solar power plant. The sim-
ulated concentrated solar power plant used a molten KCl–MgCl2 salt36,37 as the 
thermal energy storage medium and a sCO2 Brayton cycle for power generation, 
as depicted in Extended Data Fig. 1.
Thermal-hydraulic design simulations. The operating conditions for the molten 
salt and sCO2 in the Q = 17.5 MWth intermediate heat exchanger are provided in 
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Extended Data Table 3. These operating conditions corresponded to a log mean 
temperature difference (LMTD) of 10 K, for a desired UA value of 1,750 kW K−1 
(as in the following equation), and a heat exchanger effectiveness of 95%.

= ×Q UA LMTD

For the present calculations, it was assumed that the channels in the compact heat 
exchanger were straight and had a semi-circular cross-section with a diameter 
(maximum channel width) of 2 mm. The heat exchanger plate width was fixed at 
0.60 m. The Reynolds numbers, Re, for the flows of molten salt and sCO2 were cal-
culated with the assumption that the heat exchanger possessed the same number of 
channels for both fluids. Published correlations for such compact heat exchangers38 
were then used to calculate the overall heat exchanger heat transfer coefficient (U). 
From the values of UA and U, the total heat transfer area (A) of the heat exchanger 
was determined. For semi-circular channels of fixed diameter (2 mm), the required 
heat exchanger area (A) could be achieved with different combinations of the chan-
nel length and the number of channels. The values of pressure drop for each fluid, 
for the operating conditions shown in Extended Data Table 3, were then calculated 
for various combinations of channel length and channel number38. As an example, 
the influence of the channel number (for a fixed UA value of 1750 kW K−1) on the 
pressure drop for each fluid is shown in Extended Data Fig. 2.
Mechanical design calculations. Once the required values of heat transfer coeffi-
cient (U), heat exchanger area (A), and associated combinations of channel length 
and channel number were determined from the thermal-hydraulic design calcu-
lations, the total volume of solid material (non-channel volume) in the compact 
heat exchanger was determined by the pressure containment requirements between 
the hot and cold streams. The mechanical design calculations were performed to 
comply with the ASME Boiler and Pressure Vessel Code Section VIII standard for 
diffusion bonded heat exchangers; that is, the minimum values of the plate thick-
ness and the channel spacing required to stay within certain values of membrane 
and bending stresses were calculated (Extended Data Fig. 3)39. The values of plate 
thickness and channel spacing for given allowed stress values (for heat exchang-
ers with straight channels of semi-circular cross-section and a fixed diameter of  
2 mm) were then used, along with the desired UA and A values, to determine the 
total volume (combined solid and channel volumes) of the heat exchanger (in m3) 
and the associated value of heat exchanger power density (in MWth·m−3). For a 
variety of stainless steels (such as 304 SS and 316 SS) and nickel-based alloys (such 
as Inconel 617 and 740H), the maximum allowed stresses at 1,073 K are reported 
to be in the range8 10–35 MPa. The measured failure strengths of the ZrC/W com-
posites of the present work at 1,073 K were 369 ± 22 MPa (with ±22 MPa referring 
to the 95% confidence interval range). Assuming an FOS value of 2 to 3 for these 
ceramic/metal composites (that is, failure strengths of 123 ± 7 MPa and 185 ±  
11 MPa, respectively), the calculated values of power density of the ZrC/W-based 
heat exchangers were found to be a factor of two or more greater than for the metal 
alloys (Fig. 3) for the operating conditions indicated in Extended Data Table 3.

For example, a power density of 8.2 MWth·m-3, and pressure drop values of 
100 kPa for sCO2 and 39 kPa for the molten KCl-MgCl2 salt, could be achieved 
with a ZrC/W-based heat exchanger (FOS of 3) with overall dimensions 
(width × length × height) of 0.60 m × 2.83 m × 1.25 m (comprised of a stack of 
804 plates, each of 1.52 mm thickness, with semi-circular channels of 2 mm diam-
eter and centre-to-centre spacing of 2.51 mm, and 182,400 total channels or 91,200 
channels for each fluid). For a heat exchanger comprised of Inconel 740H (with 
a maximum allowed stress8,40 of 35 MPa at 1,073 K), such calculations yielded a 
power density up to 4.1 MWth·m−3, with similar pressure drop values, for overall 
dimensions (width × length × height) of 0.60 m × 2.83 m × 2.49 m (comprised 
of a stack of 1,215 plates, each of 2.03 mm thickness with semi-circular channels 
of 2 mm diameter and centre-to-centre spacing of 3.80 mm and 91,200 channels 
for each fluid). For a heat exchanger comprised of 316 SS (at a maximum allowed 
stress of 10 MPa at 1073K8), such calculations yielded a power density of only 
up to 1.2 MWth·m−3, with similar pressure drop values, for overall dimensions 
(width × length × height) of 0.60 m × 2.83 m × 8.32 m (comprised of a stack of 
2,656 plates, each of 3.12 mm thickness with semi-circular channels of 2 mm diam-
eter and centre-to-centre spacing of 8.30 mm and 91,200 channels for each fluid).
Techno-economic analyses of ZrC/W-based heat exchangers. ZrC/W-based 
composites were fabricated via the reactive infiltration of WC powder-derived 
preforms with Zr2Cu liquid. Direct supplier quotes for bulk quantities of WC, 
Zr and Cu yielded costs (costs throughout are given in 2018 US dollars) of  
$21.7 kg−1, $23.6 kg−1, and $6.9 kg−1, respectively, for these raw materials. The 
combined cost of these starting materials consumed to produce the ZrC/W-based 
composites was $21.8 kg−1, which equates to $249,000 m−3 (for a composite theo-
retical density of 11,430 kg m−3, Extended Data Table 1). The cost of Cu foil (used 
to coat the ZrC/W composites for resistance to corrosion, Fig. 2) was $10 kg−1  
(supplier quotes). Hence, the cost of these starting raw materials consumed in 
the production of a 17.5 MWth counter flow compact (printed-circuit-type) ZrC/

W-based heat exchanger with overall dimensions of 0.60 m × 2.83 m × 1.25 m 
(width × length × height) was $0.037 W−1 (for the heat exchanger discussed above, 
comprised of a stack of 804 plates, each of 1.52 mm thickness, with semi-circular 
channels of 2 mm diameter and centre-to-centre spacing of 2.51 mm, and with Cu 
foil used to coat the channels for the sCO2-based fluid).

An Excel-based model developed by Ricardo Strategic Consulting for the US 
Department of Energy was used to evaluate the processing costs (that is, costs 
associated with producing the final product other than the aforementioned raw 
material costs). This model utilizes a range of inputs, including the required man-
ufacturing equipment, installation costs, the space and energy needed to operate 
equipment, the level and associated cost of skilled labour, the time required to 
process each component, the mean time to failure or replacement of equipment 
and maintenance costs, indirect costs and other parameters. A conceptual layout 
was developed for a facility containing the required equipment (for example, for 
powder/binder mixing, powder compaction, binder removal, preform sintering, 
preform machining, melt infiltration, diffusion bonding and brazing/welding 
equipment) necessary to manufacture 100 heat exchanger plates per day (for plates 
with dimensions of 0.60 m width × 2.5–3 m length × 1–2 mm thickness). After 
inserting the costs of equipment, labour, energy, maintenance and other inputs into 
the Ricardo Excel model, it was apparent that the capital equipment expenditure 
was the dominant processing cost factor. Since the relative contribution of the 
capital equipment expenditure to the total cost (raw materials + processing) of a 
given heat exchanger will depend on the rate of production of the heat exchangers 
(and, in turn, the rate of production of heat exchanger plates), the Ricardo excel 
model was used to evaluate the heat exchanger plate production rate required for 
the processing cost to fall well below the cost of raw materials. These calculations 
indicated that, at a production rate of 10,000 heat exchanger plates per year, the 
processing cost would fall below 15% of the cost of the raw materials; that is, for 
a production rate of >10,000 plates per year, the total cost of a counter flow com-
pact (printed-circuit-type) ZrC/W-based heat exchanger would be <$0.043 W−1 
(<$25.1 kg−1).

This estimated manufacturing cost for such ZrC/W-based heat exchangers com-
pared favourably to the cost of Ni superalloy-based compact heat exchangers. For 
example, a compact (printed-circuit-type) heat exchanger comprised of Inconel 
740H (IN740H) was considered. The maximum allowed stress8,40 of IN740H 
at 1,073 K is 35 MPa, which allows for a 17.5 MWth counter flow compact heat 
exchanger with a power density of up to 4.1 MWth·m−3 (a relatively high value for 
metal-alloy-based heat exchangers, Fig. 3). This Ni-based alloy contains40 24.5 wt% 
Cr, 20 wt% Co, 1.5 wt% Nb, 1.35 wt% Al, 1.35 wt% Ti, 0.15 wt% Si, 0.1 wt% Mo and 
0.03 wt% C. The commodity prices (http://www.infomine.com/) of raw materials 
for the three major constituents of this alloy ($14.6 kg−1 for nickel, $4.7 kg−1 for 
chromium from ferrochrome at $2.8 kg−1, $91.0 kg−1 for cobalt) yielded a com-
bined raw materials commodity cost of at least $26.8 kg−1 for IN740H. The solid 
volume of IN740H in the 17.5 MWth heat exchanger discussed above (with a power 
density up to 4.1 MWth·m−3) with overall dimensions (width × length × height) 
of 0.60 m × 2.83 m × 2.49 m (comprised of a stack of 1,215 plates, each of  
2.03 mm thickness with 91,200 semi-circular channels of 2 mm diameter for each 
fluid) would be 3.42 m3, that is: [0.6 m × 2.83 m × 2.49 m] − [π(0.001 m)2 × 2.83 m  
× 0.5 × 91,200 × 2]. For an IN740H density40 of 8,050 kg·m−3, such a 17.5 MWth 
IN740H heat exchanger would have mass 2.75 × 104 kg. Hence, the raw materials 
commodity cost alone of such a 17.5 MWth IN740H heat exchanger would be at 
least $0.042 W−1 ($26.8 kg−1 × 2.75 × 104 kg/17.5 × 106 W). A similar calculation 
for the four major constituents of IN617 (44.5 wt% Ni, 22 wt% Cr, 12.5 wt% Co,  
9 wt% Mo, with smaller amounts of Fe, Al, Mn, Si, Ti, Cu, C, and B), for which the 
maximum allowed stress8,41 at 1,073 K is 32 MPa, yielded a raw materials com-
modity cost of at least $22.4 kg−1 for this alloy (with $39 kg−1 for molybdenum  
from molybdenum trioxide at a commodity cost of $26.0 kg−1; http://www.info-
mine.com/), which corresponded to a cost of at least $0.037 W−1 ($22.4 kg−1 ×  
8,360 kg m−3 × 3.42 m3/17.5 × 106 W). Hence, comparison of these raw materials 
commodity costs alone (that is, neglecting the non-trivial processing costs for 
forming thin plates of these Ni-based alloys, preparing patterned channels into 
such plates via photochemical etching, and other heat exchanger manufacturing 
steps) to the manufacturing (raw materials + processing) cost obtained above for 
compact ZrC/W-based heat exchangers (<$0.043 W−1; <$25.1 kg−1) indicated 
that the latter heat exchangers would be comparable in price or less expensive than 
compact heat exchangers comprised of such high-temperature Ni-based alloys, 
while achieving twice the power density (8.2 MWth·m−3 versus 4.1 MWth·m−3).

The cost of a compact (printed-circuit-type) heat exchanger comprised of 316 SS 
was also considered. The combined commodity-based cost of the major components 
of 316 SS (>62 wt% Fe, 17 wt% Cr, 12 wt% Ni, 2.5 wt% Mo) was found to be at least $3.6 
kg−1 (with ≤$0.13 kg−1 for Fe, from iron fines at $0.078 kg−1). The solid volume of 
316 SS in the 17.5 MWth heat exchanger discussed above (with a power density of only 
up to 1.2 MWth·m−3) with overall dimensions (width × length × height) of 0.60 m × 
 2.83 m × 8.32 m (comprised of a stack of 2,656 plates, each of 3.12 mm thickness 

Q8

© 2018 Springer Nature Limited. All rights reserved.

http://www.infomine.com/


LetterreSeArCH

with semi-circular channels of 2 mm diameter and centre-to-centre spacing of 8.30 
mm, and 91,200 channels for each fluid) would be 13.3 m3, that is: [0.6 m × 2.83 
m × 8.32 m] − [π(0.001 m)2 × 2.83 m × 0.5 × 91,200 × 2]. For a 316 SS density of 
7,990 kg m−3, such a 17.5 MWth IN740H heat exchanger would have mass 1.06 × 105 
kg. Hence, the raw materials commodity cost alone of such a 17.5 MWth IN740H heat 
exchanger would be at least $0.022 W−1 ($3.6 kg−1 × 1.06 × 105 kg/17.5 × 106 W).

The photochemical etching cost of 316 SS heat exchanger plates was then con-
sidered. Assuming a conservative photochemical etching cost per area of 316 SS of  
$170 m−2 (three times lower than the lowest cost of $520 m−2 obtained from vendor 
quotes for photochemical etching of 2 mm diameter semi-circular channels into 316 SS),  
the cost of etching 2,656 plates of 2.83 m length and 0.60 m width (total area of plate 
surfaces to be etched is 4.51 × 103 m2) for a 17.5 MWth heat exchanger was found 
to be $0.044 W−1 ($170 m−2 × 4.51 × 103 m2/17.5 × 106 W). Hence, the combined 
cost estimate (raw materials commodity cost + etching cost) for the 17.5 MWth  
316 SS heat exchanger was found to be at least $0.066 W−1 (that is, ignoring pro-
cessing costs other than photochemical etching). Hence, such techno-economic 
analyses indicated that, for a sufficient manufacturing throughput, compact (printed  
circuit-type) ZrC/W-based heat exchangers can be manufactured at a lower cost than 
for state-of-the-art nickel superalloy-based heat exchangers, and at a competitive  
or lower cost than stainless-steel-based heat exchangers, while achieving at least 
twice the power density (8.2 MWth·m−3 versus 4.1 MWth·m−3 or 1.2 MWth·m−3).

Data availability
Data generated or analysed during this study are available from the corresponding 
author on reasonable request. Data reported are available within the paper.
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Extended Data Figure 1 | Schematic illustration of a concentrated solar 
power plant. The thermal energy storage medium is KCl-MgCl2 molten 
salt (67% mole%-33 mol%36,37) and the plant uses a sCO2 Brayton cycle for 
power generation.
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Extended Data Figure 2 | More channels in the heat exchanger reduce 
the values of pressure drop. Variations of the channel length, and the 
values of the pressure drop for the molten salt and sCO2 streams are 
plotted as a function of the number of channels for each fluid.
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Extended Data Figure 3 | Higher allowed stresses reduce the required 
plate thickness and channel spacing. Values of the minimum plate 
thickness and minimum channel spacing associated with a given allowed 
stress are plotted for a compact, printed-circuit-type heat exchanger.
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Extended data table 1 | Characteristics of the reaction for 
fabrication of the heat-exchanger plates

The table shows the values of the molar W:WC ratio (from quantitative X-ray diffraction analysis), 
mass change upon infiltration, extent of reaction, phase content, density (measured and  
theoretical) and bulk porosity of five infiltrated and reacted specimens. The standard  
deviation of the average values are given.
*Reaction extent (%) = 100[(W:WC)/(1 + (W:WC)].
**Experimental density values and theoretical (zero porosity) density values (calculated from the 
indicated phase content for each converted ZrC/W-based specimen) are provided.
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Extended data table 2 | Material characteristics for ZrC/W, Inconel 
740h, and Inconel 617

The table shows solidus temperatures (Tsolidus), and average values of the high-temperature 
(1,073 K) specific heat capacity Cp, thermal conductivity κ and failure strength σF. Data are from 
refs 17, 40 and 41, as indicated.
#From the present work.
*Fracture strength.
**Creep rupture stress (100,000 h).
***Creep rupture stress (100,000 h) obtained by interpolation of data at 760 °C and 870 °C.
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Extended data table 3 | operating conditions representative of an 
intermediate heat exchanger for a 10 MWe concentrated solar power 
plant

The intermediate (primary) heat exchanger is located between the high-temperature fluid heated 
by sunlight and the supercritical carbon dioxide in the power block, as shown in Extended Data 
Figure 1. Q = 17.5 MWth for this molten-salt-to-sCO2 compact heat exchanger.Q9
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