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Abstract 
Tungsten is considered as a primary candidate material for high-heat-loaded structural parts in a

demonstration fusion power plant, DEMO. Its recrystallisation at high temperatures, which results in

a loss of strength, can be suppressed by incorporation of ceramic particles in the likes of oxides or

carbides. Here we propose reinforcement of W-matrix with W2C ceramic inclusions, which can be

formed by high-temperature reaction of W-matrix with carbide precursor. In this study, W 2C particles

are  synthesised  in-situ during  vacuum  sintering  using  three  carbon  sources:  graphene,  phenol-

formaldehyde resin, and WC nanoparticles. Our results suggest that WC nanoparticles are the most

suitable carbon source for the formation of W2C-W composite. The composite containing 24 wt % of

W2C shows the denser structure and better mechanical properties compared to the pure tungsten.

Additionally, ageing tests confirmed that incorporation of W2C ceramic particles prevents the W-grain

growth even at temperatures higher than 1200 °C.

Keywords:  A sintering, B inclusions, C mechanical properties, E nuclear applications

1.1. Introduction 
The development of advanced structural materials  is one of the critical  challenges for realising a

commercially  viable  fusion  power.  Currently,  no  material  solution  has  been  confirmed  as  fully

meeting the physical and system requirements for the  demonstration fusion power plant (DEMO)

and therefore, intensive collaborative research work is taking part in the EUROfusion programme.1

For quite some time SiC-based ceramics were the subject of intensive studies2–4 being a promising

candidate for structural parts of future fusion reactors. Although the level of the development of SiC-

based composites has increased remarkably, the fusion community decided that SiC-based ceramic

composites were not yet sufficiently mature to be considered as viable and safe option for future



fusion power plants.3 At the moment tungsten is considered as a primary candidate for high-heat-

loaded structural parts in DEMO device, mainly due to its very high melting point,  good thermal

conductivity, and low sputtering yield. 

Unfortunately, these advantages are accompanied by high-temperature recrystallisation, resulting in

loss of strength.5 Several approaches have been used to make tungsten tougher and less prone to

loss of mechanical properties due to grain growth. The use of alloys (alloying of W with Ti, V, Ta, and

Re) was proved inappropriate in the early  stage of  research.5,6 For instance, W-Re alloy, exhibits

advantageous  ductile-to-brittle-transition  temperature  (DBTT)  and  recrystallisation  temperature

(RCT) and good mechanical properties, however, drawbacks in the application include its strongly

reduced thermal conductivity and the formation of additional brittle phases due to the significant

transmutation  of  W  into  Re.6 One  of  the  approaches  investigated  was  also  a  combination  of

conventional powder metallurgy processing of tungsten followed by severe plastic deformation, i.e.

rolling  at  low  temperatures.7,8 Such  materials  reflect  increased  mechanical  properties  at  room

temperature,  but  long-term  exposure  to  high  temperatures  may  result  in  recrystallisation  and

extensive grain growth.9,10 

Recrystallisation  of  W can  be  limited  by  dispersion  strengthening  with  oxide  (Y2O3,  La2O3)
11,12 or

carbide (TiC, TaC)13,14 ceramic nanoparticles in the W-matrix. Namely, these ceramic inclusions cause

pinning  of  grain  boundaries  thus  preventing  the  exaggerated  grain  growth  of  W  during  the

recrystallisation.  It  was shown that  the addition of  oxide particles  increases  the recrystallisation

temperature (for 100–350 K).5 However, the addition of oxides with a melting temperature lower

than the tungsten has an adverse effect on the erosion resistance.5 While it  was shown that the

addition of  TiC  particles  also improves the ductility  with superplastic  behaviour at  temperatures

1400–1700 °C, the thermal stability of TiC precipitates when exposed to deuterium or He plasma at

elevated  temperatures  is  insufficient.5,15 Increase  in  the  recrystallisation  temperature  was  also

observed for the TaC reinforced W. However, due to the formation of secondary phases (i.e., TaO2,

mixed  carbides)  during  the  processing,  the  use  of  TaC  as  a  candidate  for  reinforced  W  is  less

favourable.15  

The aim of this study was to employ the concept of dispersion strengthening of W matrix with W 2C

particles in order to prevent the W grain growth during its recrystallisation. This was achieved by

reactive  sintering  of  tungsten  with  different  carbon  precursors  in  a  high-temperature  vacuum

furnace.  Phase composition,  morphology and mechanical  properties of  as-sintered samples  were

investigated.  To examine the microstructure  at  elevated temperatures  were as-sintered samples

aged at 1250 °C for 24 h.  



2.1. Experimental 

W2C inclusions were synthesised in-situ using three carbon sources: graphene (60 nm flakes, Grade

AO-4, Graphene Supermarket, USA), phenol-formaldehyde resin (rezol, Fenolit, Slovenia), and WC

nanoparticles  (Tungsten(IV)  carbide,  nanopowder,  150-200  nm,  >99%,  Aldrich,  Germany).

Commercial tungsten powder (MPO7R, 99.9 %, Global Tungsten & Powder, ZDA) with submicron-

sized particles (d50= 0.7 μm) was mixed with a carbon source using the following procedure. Powder

mixtures  were  homogenised  in  cyclohexane  using  the  ultrasonic  processor  (UP400S  –  Hielscher

Ultrasonic) for 3 min at 50 % strength and amplitude 1 s -1. To preserve the obtained homogeneity

after mixing, the suspension was freeze-dried using liquid nitrogen. The solvent was removed from

the mixture  by sublimation under reduced pressure.  The powder mixture was then pressed into

pellets with a diameter of 21 mm and height of approximately 2 mm using a uni-axial press (Paul-

Otto Weber, Maschinen und Apparatebau, Germany) at 150 MPa followed by isostatic pressing

(RP2000QC/LC,  Recherches  &  Realisations  Remy,  France)  at  800  MPa.  Consolidation  and  in-situ

formation of W2C inclusions were carried out in a vacuum furnace (Astro, Thermal Technologies,

USA), which was prior to the heating purged several times (3 or more) with argon, at 2200 °C for 6 h.

Heating and cooling rate was 5 °/min.  As-sintered pellets were, before phase and microstructural

analysis and mechanical testing, ground and polished in order to remove a potentially contaminated

top layer. The density of the composites was calculated from the pellets’ dimensions. 

X-ray  powder  diffraction  (XRD-  Bruker  AXS  Configuration  utilising  CuK radiation  at  room

temperature, the step width of 0.02°, fixed time of 1 s, a scanning range of 2θ: 20° to 80°) was used

for  the  characterisation  of  phase  composition  of  initial  powder  and  sintered  composites.  The

morphology of sintered samples was assessed by scanning electron microscopy (FE-SEM, JSM-7600F,

Jeol Inc.). Analyses of diffraction data were performed with EVA and TOPAS software (Bruker AXS,

Karlsruhe, Germany). The W2C content was determined by Rietveld refinement of experimental XRD

spectra.  For  the  microstructural  detection  and  identification  of  the  secondary  phase,  energy-

dispersive X-ray spectroscopy (EDS-X-max, Oxford Instruments equipped on FEI HeliosNanolab 650)

and  electron  backscatter  diffraction  (EBSD-Channel  5,  Oxford  Instruments  on  FE-SEM),  were

performed.  Simulations  of  EDS  spectra  were  carried  out  with  NIST  DTSA  II16 software.  Flexural

strength  test  was  done  using  Piston  on  three  Balls  technique  (Galdabini  Quasar  50,  Italy).  The

hardness  of  the  materials  was  measured  with  Vickers  indentation  test  with  the  load  of  500  N

(Innovatest,  Nexus  7500,  Netherland).  The  grain  size  distribution  sample  was  obtained  from  a



planimetric analysis conducted on four SEM micrographs per sample taking into account ≥ 500 grains

using image-analysis software (ImageJ). 

The samples with various compositions (up to 16.7 at % of added carbon) will be denoted as WxG,

WxPF and WxWC, where x stands for the atomic fraction of added carbon and G for graphene, PF for

phenol-formaldehyde resin and WC for WC nanoparticles (Table 1). 

Table 1: Prepared mixtures of powders 

sample
W W9G W16G W9PF W16PF W8WC W16WC

Addition of C

at. % 0 8.6 16.7 8.6 16.7 7.2 16.7

3.1. Results and discussion
3.1.1 Phase composition 

Figure  1a  is  showing  diffraction  patterns  of  pure  W  and  composites  of  W  with  various  carbon

precursors and a final carbon concentration of 16.7 at %. In the sample prepared from a pure W, only

peaks  characteristic  for  cubic  tungsten  were  observed,  while  in  all  the  samples  with  added  C-

precursor, trigonal W2C peaks were also identified. 

 

Figure 1: (a) XRD diffractograms of pure W and W2C-W composites with 16.7 at % of added carbon in

the form of various precursors, and (b) wt % of the W2C phase and relative densities in the sintered

samples depending on the amount of added carbon and type of precursor.

The results of the Rietveld analysis presented in Figure 1b suggest that regardless of the type of

precursor used, the amount of W2C synthesised in-situ during the reactive sintering increases with an

increase in the starting concentration of carbon. However, the measured amounts of W2C were lower

from  the  expected  (calculated),  which  implies  that  either  a  part  of  carbon  precursor  remained

unreacted or a part of carbon was consumed for the reduction of the oxide residues present in the

starting powder. The second explanation seems to be more probable as no remains of the added



precursors were observed in the microstructure of sintered samples (Figure 2) or were detected by

XRD analysis (Figure 1). As evident, the content of the formed W2C phase differs for the same amount

of added C-precursor with selected precursors.  The highest W2C contents were observed for the

samples WxG in which 8.6 or 16.7 at. % of carbon was added in the form of graphene. None of the

samples revealed the presence of unreacted graphene.  On the other hand, the lowest content of

W2C was identified in the composites prepared from WC ceramic nanoparticles as a carbon source.

The composition of the W8WC composite could not be accurately determined by Rietveld analysis

because the amount of formed W2C phase was below the detection limit of laboratory XRD. Although

the determined amount of W2C was much lower than expected (25 wt. % instead of 41 wt. % for

W16WC sample), no remaining WC was detected by XRD analysis.  A possible explanation for the

discrepancy between the calculated and determined amount of W2C is that a part of carbon from the

precursor is used for the reaction with present oxide.17 

3.1.2.Microstructure
From the SEM micrographs presented in Figures 2 a-d the variation of the grain size and the porosity

of the sintered samples as a result of different carbon precursors in tungsten matrix can be clearly

observed. It can be seen that pure tungsten sintered in vacuum at 2200 °C for 6 h (Fig. 2a) is highly

porous, which is in agreement with the measured density (Fig. 1b). In pure W, besides the observed

intragranular porosity, the pores are present at the grain boundaries as well. As expected, the in situ

formation of W2C ceramic inclusions in W matrix resulted in smaller average grain size of W, as well

as in the decrease in porosity. From Figures 2 b – d it can be seen that the intragranular porosity of

composites is strongly reduced.  This feature can also be seen from the fractured surfaces (insets of

Fig 2). The morphology of fractured surfaces (insets in Fig.2) is similar in all investigated materials.

Namely, the fractured surfaces display typical brittle behaviour with a combination of intergranular

fracture of smaller grains and inclusions with the transgranular fracture of larger W grains. It looks

like the addition of ceramic particles in the W-matrix  does not strengthen the grain boundaries.

However, it obviously deflects the crack propagation path as a result of higher measured hardness of

ceramic W2C inclusions when compared to pure W, leading to an increase in mechanical properties.  



 

 

Figure 2: SEM micrographs were taken with backscattered electrons on polished surfaces of (a) pure

W, and W2C-W composites with 16.7 at % of carbon added in the form of various precursors: b)

graphene,  c)  phenol-formaldehyde  resin,  d)  WC  nanoparticles.  Inset  images  represent  fractured

surfaces of the corresponding samples. 

The presence of W2C inclusions in W matrix cannot be identified by observation in a backscattered

electron  mode  (BEI)  in  SEM  due  to  the  channelling  of  electrons  in  W  grains,  caused  by

random/different orientation, which is being observed as different contrast (Fig. 2). Furthermore, the

energy  dispersive  X-ray  spectroscopy  (EDS)  cannot  provide  reliable  results  about  elemental

composition in W2C-W composites due to the overlapping of W N-lines (N4 255.9 eV, N5 243.5 eV)

with C K-line (298.2 eV). Therefore, the energy backscatter diffraction (EBSD) was used to identify

W2C  (P-31m)  inclusions  within  W  matrix  (Im-3m).  Figure  3  represents  the  EBSD  pattern  of  the

W16WC sample. It can be seen that W2C grains (in red), with sizes smaller than the W ones (in blue),

are  distributed  at  W  grain  boundaries.  Such  distribution  is  indicative  of  pinning  of  W  grain

boundaries, thus preventing W grain growth and/or pore entrapment in the grains. 



 

Figure  3: SEM  images  of  W16WC  sample:  (a)  secondary  electrons  image  and  (b)  EBSD  phase

distribution in which red represents P-31m W2C and blue represent Im-3m W. 

3.1.3.Mechanical properties
Flexural strength and Vickers hardness of the sintered samples are presented in Figure 4. Figure 4a

reveals that despite significantly reduced porosity achieved by the addition of carbon, the flexural

strength is only increased for samples with addition of WC ceramic nanoparticles, while the addition

of graphene and phenol formaldehyde resin resulted in a decrease of the flexural strength when

compared to pure tungsten samples sintered under the same conditions. The variance in the flexural

strength with the carbon precursor can be most likely ascribed to the different chemical reaction

during in-situ formation of W2C phase: while carbon from graphene and phenol formaldehyde resin

reacts with the surrounding tungsten grains, the WC loses a part of carbon due to the gradient-

enhanced  diffusion  to  form  W2C  18.   Furthermore,  as  an  organic  source  of  carbon,  phenol

formaldehyde resin has to undergo the process of the pyrolysis before only carbon remains. It is

known that during the pyrolysis of phenol formaldehyde resin several volatile species are formed 19,

which  can  be  the  reason  for  the  formation  of  larger  voids/pores  in  the  WxPF  composites,  a

potentially  critical  strength-limiting  flaws  leading  to  a  decrease  in  mechanical  properties  of  the

composite. The highest flexural strength was achieved for the sample with 7.2 at % of added C in the

form of WC nanoparticles (sample W8WC), which contains only small amount (< 3 wt %) of W 2C

phase.  Figure  4b  presents  the  dependence  of  composites  hardness  for  the  samples  containing

different amount of W2C phase. As expected due to the much higher Vickers hardness of W 2C than W

(19 GPa and 3.43 GPa, respectively), an increase in HV with increasing W2C content can be observed.

With 16.7 at % of added carbon, the highest hardness (6.5 GPa) was displayed by the sample in which

graphene (W16G) was used as a carbon precursor and which had the highest content of W2C phase

(41 wt %). When taking into account both quantities, namely flexural strength and hardness, the



samples, in which WC was used as a carbon precursor for the formation of W2C inclusions, display the

most promising properties. 

 

Figure 4: Flexural strength (a) and Vickers hardness (b) of sintered samples. 

3.1.4.Ageing 
One of the disadvantages of tungsten is its recrystallisation at temperatures higher than 1000 °C, as

expected in the DEMO divertor.5 At those temperatures exaggerated growth of W grains also occurs,

which results in the deterioration of mechanical properties. Stabilising the microstructure with the in

situ formation of ceramic inclusions was supposed to prevent or at least minimise W grain growth

and thus preserve its mechanical properties5.  To examine the evolution of microstructure at high

temperatures, the sintered samples were aged in a vacuum furnace at  1250 °C  for 24 h. Polished

surfaces of pure W and W16WC samples after ageing are presented in Figure 5a and 5b, respectively.

The microstructural analysis confirmed that ceramic W2C inclusions dispersed in W-matrix (Fig. 5b)

substantially suppress the growth of W grains. When comparing the as-sintered (Fig. 2) and aged (Fig.

5)  samples the difference in the grain size of pure W and W2C-reinforced W after ageing is even

more pronounced. While there is no grain growth in the composite, the size of W grains in pure W

increases significantly. Grain size analysis of aged samples (Fig. 5c) revealed that the average grain

size for the pure tungsten is 11.8  m, while in the W16WC it is 5.8  m. Moreover, the W16WC

sample is displaying very narrow monomodal grain size distribution, whereas the distribution of pure

tungsten is pointing towards a bimodal grain size distribution, with fractions of larger grains in size

range of 15–25 μm indicating exaggerated grain growth. The suppression of growth of W grains was

the case in all investigated W2C-reinforced W samples regardless of the type of C-precursor used for

the formation of ceramic W2C phase. 



  

Figure 5: SEM-BEI micrographs of the polished surface of W (a) and W16WC (b) sample after ageing

at 1250 °C for 24 h. Fractured surfaces of the same samples in the inset. (c) Grain size distribution for

samples W and W16WC after ageing.

4.1. Conclusions

The matrix of metallic tungsten was successfully reinforced by in-situ formed W2C ceramic inclusions

that eliminated intra- and inter-granular porosity and substantially refined the microstructure. W 2C

formation  during  sintering  was  provoked  by  using  three  carbon  precursors:  graphene,  phenol-

formaldehyde  resin,  and WC nanoparticles.  Phase analysis  of  the  samples  sintered  in  a  vacuum

furnace at 2200 °C for 6 hours confirmed the presence of only two phases, W2C and W, respectively.

Moreover,  the  newly  formed  carbide  grains  successfully  inhibited  W  grain  growth  also  after

prolonged ageing at 1250 °C for 24 h. Significantly  reduced porosity and refined microstructures

resulted  in  improvement  of  mechanical  properties  for  the  WxWC  composite,  containing  small

amounts (< 3 to 24 wt %) of W2C ceramic phase in W-matrix when compared to the pure W prepared

under the same conditions. The presented approach of  in-situ formation of W2C ceramic inclusions

within the host matrix can be used not only for the preparation of W2C-W composites for nuclear

fusion applications but also for other high-temperature applications. 

(c)
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