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Abstract:  

An approach to improve the sintering ability and the fracture toughness of hafnium 

carbide (HfC) ceramic by designing a unique composite structure is reported. The 

uniform and ultra-fine HfC nanoparticles (~300 nm) are synthesized at 1450 ºC by 

vacuum carbonization reaction with the glucose-derived hydrothermal precursor as a 

carbon source and template. HfC ceramic sintered with a SiCN sintering aid of 15 

vol. % possesses a beneficial three-dimensional network microstructure composed of 

inter-penetrating phases of carbon, SiC and HfC with varied stoichiometry at 

multi-length scales. The obtained HfC exhibits a higher fracture toughness of 5.5 MPa 

m1/2, which can be attributed to the unique composite structure able to promote stress 

releases in the crack tip and enhance the resistance to crack propagation.  

Keywords: Carbides; Nanoparticles; Spark plasma sintering; Composites; Toughness 
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1. Introduction   

Hafnium carbide (HfC) exhibits high thermodynamic stability with a melting 

point of ~3900 ºC, high hardness and Young’ s modulus, as well as good 

thermomechanical and thermochemical properties [1-3]. Therefore, it is considered as a 

promising material for applications of high-temperature electrodes, cutting tools, 

rocket nozzles, nuclear reactor rods, space/air craft and thermal-field emitters [4-7]. 

Nevertheless, HfC exhibits a low fracture toughness (1.73-3.40 MPa m1/2), which can 

limit its structural applications in extreme environments [2, 8-9]. An effective way to 

enhance the fracture toughness of HfC is to incorporate secondary phase materials, 

such as silicon carbide (SiC) rods, BN, SiC ceramics, refractory metal (Tungsten) to 

form cermets and other high-temperature carbides, as attempted in some previous 

studies [10-15]. Cheng et al [8] developed the HfC-SiC/graphite composites, which 

exhibit a high fracture toughness (9.1 ± 0.5 MPa m1/2), however only in the direction 

perpendicular to their anisotropic lamellar microstructure. HfC-W cermets have a high 

fracture toughness of 13.7 ± 0.7 MPa m1/2, but at a cost of a higher weight and a lower 

ablation resistance [12, 13]. Carbon nanotubes (CNTs) have also been incorporated into 

HfC-MoSi2 
[16] and SiC-ZrB2 

[30] composites as a toughening phase, respectively. 

However, CNTs can react with ceramic matrix and form a strong interfacial bonding, 

which is unfavorable for high toughness. Results from some previous studies also 

suggest that carbon as a soft phase could be a very effective component to add for 

improving fracture toughness in ceramics such as SiC [32], ZrB2-SiC [36] and B4C [37], 

but its potential has not been explored in HfC. 
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Furthermore, a sufficient material density needs to be ensured when improving 

the fracture toughness of HfC. HfC is difficult to sinter and densify due to the low 

self-diffusivity and strong covalent bonding of HfC. The fabrication of nanopowders 

and the addition of sintering aids are common approaches to enhance the sintering 

ability of ceramics. Nano carbon allotropes, disilicides or other carbides used as 

sintering aids have been reported for sintering of HfC [14-16, 18]. However, the 

introduction of these sintering aids have been found to also result in unfavorable 

microstructure changes, such as abnormal grain growth or formation of different 

surface defects on HfC grains with fast diffusion and mass transfer rate, which are 

detrimental to the intrinsic properties of HfC, such as high thermodynamic stability, 

melting point and good thermomechanical, as well as contribute to the limited fracture 

toughness of 2.8-4.0 MPa m1/2 reported for the sintered material [2, 14]. The 

polymer-derived silicon carbonitride ceramics (SiCN) are scarcely reported as 

sintering aids for the synthesis of HfC. SiCN ceramics are composed of amorphous 

SiCN and amorphous carbon. Amorphous SiCN can decompose into carbon and SiC 

or Si3N4 phase at high temperature [19], which can promote the sintering of the HfC 

ceramics. In addition, amorphous carbon can promote the densification of HfC by 

minimizing the oxidation of HfC nanoparticles surface [32].  

With the aim of enhancing densification and fracture toughness of HfC 

simultaneously, we start with a simple method of in-situ vacuum carbonization to 

synthesize uniform and ultra-fine HfC particles using nano glucose-derived 

hydrothermal carbon as carbon source as well as a template for HfC formation. The 
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resulting HfC nano-powders possess preferable nanostructure and stoichiometry, 

which allows to develop a unique composite microstructure comprising of multiple 

phases with graded hardness in the dense HfC samples using spark plasma sintering 

(SPS) with the help of a SiCN sintering aid. The microstructure and mechanical 

properties of the HfC powders and bulk samples were characterized and the 

underlying mechanisms for the improved density and fracture toughness are discussed. 

The approach in this work also shed a light on the design of unique composition and 

microstructure in UHTC carbides for improved mechanical properties. 

2. Experimental Procedure 

2.1 Synthesis of the glucose-derived carbon precursor 

 

Figure 1 Synthesis process of glucose-derived carbon precursor prepared by 

hydrothermal pyrolysis.  

For the synthesis of HfC nano-powders, glucose-derived carbon precursor with 

nanometer size and good dispersibility was prepared with glucose using hydrothermal 

pyrolysis, as schematically shown in Figure 1. Firstly, 5 g anhydrous glucose 

(purity>99.5%, Sinopharm Chemical Reagent Co., Ltd, China) was dissolved in 50 
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mL deionized water followed by magnetic stirring for 1 h. Then, the formed precursor 

solution was transferred into a 50 mL Teflon-lined stainless steel autoclave with the 

filling capacity of 60 %, which was pre-heated in an oven at 180 ºC. The pyrolysis 

process of glucose was carried out at 180 ºC for 4 h and the autoclave was cooled 

down naturally to the room temperature in the open air. Afterwards, the products were 

filtered and washed with deionized water and dehydrated alcohol for several times, 

then dried in the drying oven at 60 ºC for 4 h. The final product was the 

glucose-derived nano-carbon precursor. 

2.2 Synthesis of the HfC powders 

To synthesize HfC nano-powders, a mixture of the above glucose-derived 

nano-carbon precursor and hafnium (Hf phase, purity>99 %, mean particle size of 1-2 

μm, Shanghai Chao Wei Nano Technology Co. Ltd, China) powders with a mass ratio 

of mCarbon : mHf = 1 : 2 was loaded into an alumina boat with a cover. The 

over-stoichiometry of carbon is designed to facilitate the carbonization of Hf and 

control the particle size and distribution of HfC powders, as will be demonstrated in 

the results section. This boat was heated in vacuum atmosphere (10-4 Pa) at 1300 °C, 

1350 °C, 1400 °C, 1450 °C or 1500 °C for 2 h, and then cooled down to the room 

temperature. The resulting samples are referred from now on as sample #1, #2, #3, #4 

and #5, respectively.  

2.3 Spark plasma sintering (SPS) of the HfC powders 

The HfC powders synthesized at 1450 °C (sample #4) were sintered by a SPS 

furnace (FTC HP D25, FCT Systeme GmbH, Rauenstein, Germany). Before starting 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
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the experiments, the SPS chamber pressure was kept down to 0 mbar and Argon was 

introduced to allow pyro-flushing for more stable temperature readings. For the SPS 

process, the as-prepared HfC powder (4.23 g) was poured into a 16 mm graphite die 

which was lined with 0.3 mm thick graphite foils to maximize electrical and thermal 

conduction between the punches and the die. The compacts were heated from room 

temperature to 1100 °C at a heat rate of 100 °C/min and then heated from 1100 °C to 

1850 °C at a heat rate of 50 °C/min. After a dwell time of 15 min at 40 MPa, the 

furnace was cooled to the room temperature naturally. Furthermore, to investigate the 

effect of SiCN as a sintering aid in the densification of HfC bulk materials, different 

HfC ceramic samples were prepared in presence of 0 vol. % and 15 vol. % SiCN, 

(particle size of 5-8 μm). 

2.4 Characterization of the as-synthesized powders and sintered ceramics  

The phase compositions of the as-prepared powders and sintered ceramics were 

characterized by a X-ray diffraction (XRD, Ultima IV, Rigaku) with the Cu Ka 

radiation (k=0.15406 nm). Raman spectroscopy of the as-prepared samples was 

performed on the Raman Microprobe (LabRAM HR, Horiba Jobin Yvon, France). A 

focused laser spot (Nd:YAG, 532 nm) with a diameter of about 3 μm was used. The 

microstructure and chemical information of the samples were characterized by field 

emission scanning electron microscopy (FE-SEM, Inspect F50, FEI) and (scanning) 

transmission electron microscopy ((S)TEM, JEOL JEM 2100F, 200 kV) equipped 

with a 80 mm silicon drift energy dispersive X-ray spectroscopy (EDX) and a Gatan 

Tridiem imaging filter for electron energy loss spectroscopy (EELS). The relative 
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density of the sintered HfC were estimated by the Archimedes method. The total 

carbon contents within the as-synthesized HfC powders and as-sintered HfC were 

determined by Element Analyser (G4 ICARUS HF, Bruker AXS, Germany). The 

determination of the total carbon in the powders is based on the combustion of the 

sample under flowing dioxygen in an induction furnace at ~3000 °C. The carbon is 

converted into carbon dioxide which is quantified by an infrared detector. The oxygen 

content within the as-synthesized HfC powders was analyzed by Element Analyser 

(ELEMENTRAC ONH-P, Eltra GmbH, Germany).  

The HfO2 content in the as-synthesized HfC powders was calculated with the 

external standard method from the XRD results, as given in equation (Eq. (1)) [21]: 

                       
(111)

2

(111)

  ( . %) = 

S

P

I
HfO content wt

I
                   (1) 

where 
(111)

SI is the ( 1 11)-peak intensity of the HfO2 phase in as-synthesized HfC 

powder samples; 
(111)

PI is the ( 1 11)-peak intensity of the pure HfO2 reference sample 

measured under the same conditions. The pure HfO2 reference sample was prepared 

with the oxidation of the hafnium powders under 1450 ºC for 2 h in air.  

Mechanical properties of the HfC ceramic sample were measured by 

microindentation tests performed on a microindenter system with a diamond Vickers 

indenter (Anton Paar, CPX MHT, Austria). The Young’s modulus and hardness of the 

ceramic sample were estimated from the load-displacement curves. A total of 10 

indentations with 60 μm interval were made using a load of 1 N with a dwell time of 

10 s. For fracture toughness measurements, indentations were performed at a constant 
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load (10 N) on the well-polished surface of the bulk ceramic samples to induce radial 

cracking from the corners of the indentation. The lengths of the radial cracks were 

then measured from the center of indention using SEM. A total of 20 indentations 

were conducted on each sample. A semi-empirical fracture mechanics analysis of the 

cracks associated with microindentations yields a measure of toughness, KIC, 

according to Eq. (2) [10, 36] given as: 

                   1/2

3/2
( )IC

E p
K

H c
=                           (2) 

where P is the applied load, N; χ is an empirical constant, H is the hardness, GPa; E is 

the Young’s modulus, GPa and c represents the average crack length determined from 

the four radial cracks formed from indentations, m. 

3. Results and Discussion 

3.1 The structure of glucose-derived carbon precursors  

 

Figure 2 Raman spectrum (a) and SEM images ((b) and (c)) of glucose-derived 

carbon precursor prepared by hydrothermal method.  

The Raman spectrum of the glucose-derived carbon precursor (Figure 2a) displays 

pyrolysis carbon structure without other impurity peaks. The bands in the position of 

~1364 cm-1 and ~1588 cm-1, are the D band and G band of the pyrolysis carbon, 

respectively [22]. The morphology of the glucose-derived carbon precursor exhibits 
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uniform and small nanoparticles with a size of 200-500 nm (Figure 2b and 2c). 

3.2 Phase composition and morphology of as-synthesized HfC powders 

Eq. (3-7) describe the chemical reactions expected during the synthesis 

process. 

Hf ( ) C( ) HfC( )s s s+ →                           (3) 

2 2Hf( ) O ( ) HfO ( )s g s+ →                       (4)  

                   2HfO ( ) 3C( ) HfC( ) 2CO( )s s s g+ → +                 (5)  

                   2 2HfC ( ) + O ( ) HfO ( ) C ( )s g s s→ +                  (6)  

                     
2 22CO( ) O ( ) 2CO ( )g g g+ →                     (7)  

Table 1 The HfO2 content of as-prepared HfC samples at different carbonization 

temperatures. 

The XRD patterns of the HfC samples (samples #1, #2, #3, #4 and #5) 

synthesized at different carbonization temperatures (1300-1500 °C) are shown in 

Figure 3a. Samples #1, #2 and #3 display major cubic HfC (PDF No. 65-8747) 

structure and a minor monoclinic HfO2 (PDF No. 65-1142) phase, which indicates 

that HfC is preferentially formed with respect to HfO2 according to (Eq. (3) and (4)). 

As-prepared powder 

samples 

Carbonization 

temperatures (°C) 
HfO2 content (wt. %) 

1# 1300 21.56 ± 1.34 

2# 1350 11.24 ± 0.72 

3# 1400 
8.46 ± 0.49 

4# 1450 4.57 ± 0.23 

5# 1500 6.29 ± 0.27 
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In addition, the peak intensity of the HfC phase increases with the increase of 

carbonization temperatures until 1450 °C, and that of HfO2 is highest at 1400 °C. 

Between 1300 °C and 1400 °C, Hf and HfC can be oxidized to form considerable 

amount of HfO2 phase [24]. When carbonization temperature increases to 1450 °C 

(sample #4), the intensity of HfO2 peaks are largely reduced and peaks of HfC exhibit 

the highest intensity, indicating that near pure phase HfC powders are obtained and 

some of HfO2 is transformed into HfC and CO (Eq. (5)) at 1450 °C in vacuum [4, 23]. 

Correspondingly, the HfO2 content reduces from 8.46 % to 4.57 % at 1450 °C (Table 

1). However, when the carbonization temperature is further increased to 1500 °C 

(Sample #5), the HfC peak intensity of the as-synthesized powders decreases and the 

HfO2 content in the sample increases to 6.29 % (Table 1). Additionally, the chemical 

element analyses show that the as-synthesized HfC powders contain 11.81 wt. % of 

total C, 2.49 wt. % O and 85.69 wt. % Hf, respectively. The presence of a slight 

amount of oxygen is attributed to the formation of HfO2. Due to the presence of 

residual oxygen, the further oxidation of formed CO is also expected to happen (Eq. 

(7)).  

Raman spectra for the as-synthesized HfC powders with different carbonization 

temperatures are presented in Figure 3b. Three peaks at 333 cm-1, 578 cm-1 and 640 

cm-1 present in all spectra are assigned to the HfC phase [22]. The peaks at 132 cm-1, 

146 cm-1, 240 cm-1, 490 cm-1and 795 cm-1 are assigned to O-Hf-O bond in HfO2 
[22]. 

Moreover, the peak intensities for HfC increase while those for O-Hf-O decrease with 

temperature until 1450 °C. Therefore, the Raman results agree well with the data of 
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XRD analysis. In addition, Raman spectra indicate the presence of pyrolysis carbon 

(amorphous carbon) due to the other peaks beyond 1300 cm-1 (~1358 cm-1 and ~1583 

cm-1). This is expected as a result of the reaction of Eq. (6) as well as the residual 

pyrolysis carbon.  

 

Figure 3 XRD patterns (a) and Raman spectra (b) of HfC powders prepared at 

different vacuum carbonization temperatures.  

 

Figure 4 ΔG–T curves for reactions (Eq. (3-6)) on carbonization under vacuum 

condition (10-4 Pa). 

The above trend found for the competing formation of HfC and HfO2 as a 

function of temperature can be understood by the thermodynamics of carbonization 

process. The changes in Gibbs-free energy of involved reactions (Eq. (3-6)) at 
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different carbonization temperatures are calculated according to (Eq. (8-9)) [4]: 

( )T i f T

i

G G i  =                         (8) 

ln

f

r

f

f

T T

r

r

p

p
G G RT

p

p











  
  
   =  +
 

  
 

   





                  (9) 

where TG  is the change in Gibbs free energy of the reaction at different 

temperatures under the standard state, kJ mol-1; i is the coefficient of reactants or 

products; ( )f TG i  is the Gibbs formation free energy for each compound, kJ mol-1. 

TG  is the change in Gibbs free energy of the reaction at different temperatures 

under 10-4 Pa, kJ mol-1; R is the ideal gas constant, J mol-1 K-1; T is temperature, K; 

fp is the gas product pressure, Pa; rp is the gas reactant pressure, Pa; r is the 

coefficient of reactants; f is the coefficient of products.ΔG–T curves for reactions 

(Eq. (3-6)) under vacuum condition (10-4 Pa) was plotted in Figure 4. As the 

carbonization temperature increases from 1300 °C to 1500 °C, the Gibbs free energy 

of the carbothermal reduction reaction (Eq. (5)) decreases rapidly and that of major 

reaction (Eq. (3)) maintain constant. On the contrary, a fast increase of the Gibbs free 

energy for the oxidation reactions (Eq. (4) and Eq. (6)) was observed. The calculation 

indicates the increasing tendency of carbothermal reduction but weakening of HfC 

oxidation with the increase of temperature. The results are consistent with the XRD 

and Raman analyses for the decreasing HfO2 content from 1300 °C to 1450 °C. The 

enhanced formation of HfO2 cannot be explained thermodynamically and may be 

caused by a faster reaction rate of HfC oxidation than that of carbothermal reduction 
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at higher temperatures. 

 

Figure 5 SEM images of as-prepared HfC powders fabricated with different 

carbonization temperatures. (a, f) 1300 ºC; (b, g) 1350 ºC; (c, h) 1400 ºC; (d, i) 1450 

ºC; (e, j) 1500 ºC.  

The morphologies of the HfC samples (samples #1, #2, #3, #4 and #5) were 
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characterized by SEM, as shown in Figure 5. The samples obtained at 1300 ºC and 

1350 ºC (sample 1# and 2#) exhibit inhomogeneous particle size and shape with 

random nanoparticle agglomerations (Figure 5(a, f) and Figure 5(b, g)), indicating an 

incomplete carbonization reaction during vacuum carbonization process. When 

carbonization temperature reaches 1400 ºC, more homogeneous and uniform particle 

size of HfC nanoparticles is synthesized with reduced agglomeration (Figure 5c and 

Figure 5h). Significantly, most uniform and finest nanoparticles are achieved with a 

good dispersion at 1450 ºC (Figure 5d and Figure 5i), exhibiting the smallest particle 

size (~300 nm) among all of the samples. However, when the carbonization 

temperature increases to 1500 ºC, the as-synthesized HfC sample shows again an 

inhomogeneous morphology with large bulky particles. The successful preparation of 

HfC nanoparticles at 1450 ºC and its similar morphology with that of the carbon 

precursor (Figure 2b and Figure 2c) reveals that small carbon precursor particles not 

only serve as a carbon source for the carbonization reaction but also act as a template 

for controlling the particle size and distribution of HfC powders. This mechanism can 

be attributed to the small carbon precursor particles offering the extended contact area 

for the reaction with hafnium powders, also limiting growth or agglomeration of the 

formed HfC particles [4].  

The detailed microstructures of the HfC powders synthesized at 1450 ºC were 

further characterized by TEM. From the low magnification bright field image (Figure 

6a), two main contrasts can be observed. The dark phase was identified to be HfC by 

EDX, high-resolution TEM (HRTEM) and electron diffraction (Figure 6b and Figure 
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6c). The HfC nanoparticle displays the lattice fringe with a spacing of 0.27 nm 

corresponding to the (111) plane of cubic HfC phase. The selected area electron 

diffraction (SAED) pattern from the dark particles (Figure 6c) can be well indexed to 

the (111), (440), (400) and (200) crystal planes of the cubic HfC phase. This confirms 

the good crystallinity of the HfC nanocrystals in the HfC powders and is consistent 

with the XRD analysis. The light contrast regions in Figure 6a are mainly amorphous 

carbon, however at higher magnifications they were found to contain a high density of 

Hf enriched HfC particles with a size of only 2-5 nm (Figure 6(e1-e4)). This could 

result from an evaporation and condensation of Hf during the carbonization process in 

vacuum. This process may also contribute to the templating effect of the carbon 

precursor for the ultimate formation of ultra-fine HfC particles. 

 

Figure 6 TEM characterization of HfC powders fabricated at 1450 ºC. (a) Low 

magnification bright field image. (b) HRTEM lattice fringe and (c) SAED of the dark 

phase shown in (a). (e1) Higher magnification bright field image of the light 
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amorphous carbon phase shown in (a). (e2-e4) STEM dark field image and EDX 

element mapping of a similar region showing the amorphous carbon phase contains 

Hf enriched HfC nanoparticles. (d1-d3) EDX element mapping and EELS relative 

thickness mapping images of a HfC grain. 

 

Figure 7 Schematic illustration of the proposed formation mechanisms of HfC 

crystallines with different carbonization temperatures. 

Furthermore, STEM-EDX element mapping ((Figure 6(d1-d4))) revealed that the 

HfC particles contain carbon rich and deficient regions, indicating a varying 

stoichiometry of the HfC phase across the sample. The element composition variation 

in HfC particles was confirmed not to be a result of thickness effect by EELS relative 

thickness mapping (Figure 6d4), as the compositional variation does not agree with 

the thickness difference across the region. For simplicity, we will hereafter refer HfC 

with a relatively higher or lower carbon content as C-enriched or Hf-enriched HfC 
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respectively, noting that this does not mean over- or sub-stoichiometry of carbon in 

the phase as no quantification of the exact composition has been made. 

Based on the above experimental data, the possible formation mechanisms of HfC 

at different temperatures are illustrated in Figure 7, where the carbon 

template-assisted carbonization reaction and the unfavorable oxidation process are 

both considered. Our results clearly show that carbonization temperature has a 

significant effect on the resulting morphology of the HfC powders, which should be 

related to the difference in the rate of HfC nucleation (mostly affected by the 

thermodynamic barrier of the HfC formation) and diffusion of reactive species. HfC 

formation through reactions between C and Hf/HfO2
 proceeds mainly via the diffusion 

of carbon [4, 27]. When the carbonization temperature is below 1400 °C, both the Hf-C 

for HfC nucleation and the diffusion of carbon precursor are slow. So, the nucleation 

and growth of HfC happen locally where the contact between Hf and carbon is made, 

resulting in an incomplete carbonization and inhomogeneous distribution of blocky 

HfC particles. At ~1400 °C, both the nucleation and growth rates increase, probably to 

an extent that the two are balanced, leading to a homogeneous distribution of HfC 

grains with an intermediate size. Moreover, at these low temperatures, Hf oxidation is 

more thermodynamically favored (Figure 4), resulting in a higher percentage of HfO2 

(Table 1). At 1450 °C, the nucleation and diffusion rates are further increased leading 

to possibly a faster nucleation than the growth of HfC. HfC crystallites with smaller 

size and homogeneous distribution can be formed. Additionally, the HfO2 impurity are 

carbonized by carbon precursor to form more HfC phase at 1450 °C (Eq. (3-6)) [27]. 
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With the increase of carbonization temperature, Hf evaporation can be enhanced to 

react with carbon precursors, resulting in the formation of HfC nanoparticles 

embedded in the carbon precursors. As the carbonization temperature increases to 

1500 °C, the highest carbon diffusion rate is expected with an enhanced sintering 

effect, which leads to overall a slower nucleation than growth of HfC that again 

causes the coarsening of fine HfC particles. 

3.3 Spark plasma sintering of HfC ceramics 

 

Figure 8 XRD patterns (a) and Raman spectra (b) of as-sintered HfC ceramics 

prepared with or without sintering aids by SPS. 

SPS sintering of the HfC powders was carried out with or without the addition of 

SiCN. In both cases, XRD analyses (Figure 8a) reveals the presence of cubic HfC 

(PDF No. 65-8747) structure without HfO2 or other impurity phases. However, it is 

clear that the intensities of HfC crystal peaks are higher for the sample sintered with 

15 vol. % SiCN than these of HfC ceramics without SiCN, suggesting that the SiCN 

phase could enhance the crystallization of HfC.  

Raman spectra of the sintered HfC ceramics are shown in Figure 8b. The peak at 

339 cm-1 are assigned to the HfC phase [22, 24], in agreement with the XRD data. In 
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addition, two peaks at ~1347 cm-1 and ~1586 cm-1 are assigned to the D band and G 

band of amorphous carbon [22], suggesting that the amorphous carbon remains after 

the sintering process. The elemental analysis reveals that the total carbon contents of 

the sintered HfC-C and HfC-C-15 vol. % SiCN ceramics were 11.45 wt. % and 15.20 

wt. %, respectively. The higher total carbon content of HfC-C-15 vol. % SiCN 

ceramics is mainly due to the introduction of the free carbon in SiCN powders.  

 

Figure 9 SEM images of as-sintered HfC ceramics prepared with or without sintering 

aids by SPS. (a, a1) No sintering addition; (b, b1) 15 vol. % SiCN. 

Microstructures of the sintered HfC ceramics are compared in Figure 9. The 

sample sintered without SiCN additions contains more micro-pores and the density 

was estimated by the Archimedes method to be 7.0 g cm-3 with the corresponding 

relative density of 70.0 % while the one sintered with SiCN additions is denser with a 

density of 8.76 g cm-3 and a relative density of 95.8 %. Bright and dark contrasts were 

observed in both sintered HfC samples (Figure 9a1 and Figure 9b1), which were 
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found to be carbon and HfC, respectively. Notably, when the HfC ceramic was 

sintered with 15 vol. % SiCN, the distribution of the carbon, SiC and HfC phases is 

much more homogeneous with the size of each phase being ~2 μm (Figure 9b1). 

Furthermore, it is interesting to note that inside the HfC phase there are again 

distinctly different contrasts, indicating its varied stoichiometry. This was confirmed 

by STEM-EDX element mapping and micro-electron diffraction analyses (Figure 10 

and Figure S1), which clearly show that Hf/C ratios are different in different HfC 

grains, forming C-enriched and Hf-enriched HfC phases. This lesds to a homogeneous 

distribution of different HfC phases at a smaller scale (the size of the HfC phases are 

down to several hundred nanometers, as evidenced from Figure 9b2 and Figure 10). 

The TEM analysis also suggests the presence of a very small amount of O in HfC and 

crystalline SiC (Figure S1). No signal of N could be detected by STEM-EDX within 

the experimental detection limit in the sintered HfC-SiCN sample and N may have 

transformed into nitrogen gas and escaped from the sample. So to be more precise, the 

sintered sample with the SiCN additions contains HfCxOy with the HfC crystal 

structure, crystalline SiC and amorphous carbon.  

The above unique microstructure with limited grain growth and inter-penetrating 

carbon, SiC, C-enriched HfC and Hf-enriched HfC at multi-length scales is 

considered to result from at least three contributing factors: (1) the presence of 

C-enriched HfC and Hf-enriched HfC phases in the synthesized HfC nanopowders; (2) 

the presence of 2-5 nm HfC nanoparticles, which could help to limit the grain growth 

during the sintering; (3) the introduction of SiCN, which is expected to activate 
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grain-boundary diffusion and limit grain-boundary migration for the suppression of 

grain growth [19, 28, 32].  

 

Figure 10 STEM dark field image (a), EDX element mapping (b, c and d), EDX area 

analyses (f, g) and SAED (e) of as-sintered HfC ceramics with the SiCN 15 vol. % 

sintering aid by SPS. 

 

Figure S1 STEM dark field image (a), EDX element mapping (Hf, C and Si) (b-d), 

SAED (Area 1) (e) and EDX area analyse (Area 1) (f) of the HfC ceramic sintered 

with 15 vol. % SiCN sintering aid by SPS. 
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3.4 Young’s modulus, hardness and fracture toughness of as-sintered HfC  

 

Figure 11 Weibull plots for the measured fracture toughness. 

 

Figure 12 SEM images for indentation cracks on polished surface of HfC ceramic 

sintered with 15 vol.% SiCN sintering aid by SPS: (a) indentation morphology; (b) the 

local magnification of (a).  

The measured Young’s modulus, hardness and fracture toughness of the sintered 

HfC samples together with some representative literature data are listed in Table 2. In 

our work, HfC ceramics sintered without the sintering aid possess lower hardness 

and E than those of other samples in this work and literatures, mainly due to its lower 

compactness. The mechanical properties of the sintered HfC ceramic are enhanced 

largely with the addition of 15 vol. % SiCN. The distribution of fracture toughness is 
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analyzed by the Weibull distribution function. Using Weibull’s two-parameter 

distribution, the cumulative probability of failure (P) is presented as [35]:  

 1 exp[ ( ) ]mIC

IC

K
P

K 
= − −                             (9) 

where ICK  is the fracture toughness, MPa m1/2; m is the Weibull modulus and 
ICK is 

the characteristic toughness, MPa m1/2. Eq. (9) is usually written in a linear form. 

1
ln ln( ) ln( ) ln( )

1
IC ICm K m K

P

= −
−

                   (10) 

The failure probability for each tested specimen is usually estimated using: 

0.5i
P

N

−
=                              (11) 

where N is the number of specimens, the fracture toughness data are organized from 

weakest to strongest and given a rank i with i=1 being the weakest specimen. Figure 

11 shows the measured fracture toughness in the form of Weibull plots. The Weibull 

modulus is obtained to be 17.5 from the slope. The average value of the fracture 

toughness is 5.5 MPa m1/2. This value is higher than those reported for isotropic HfC 

or HfC ceramic composites measured by Vickers indentation test [2, 14, 18]. Although 

some other HfC based composites have been reported to possess a higher fracture 

toughness, they either had the good property only in a perpendicular direction [8] or 

used heavy metals as the secondary phase [13], which increases the total weight and 

degrades the needed high temperature durability of ceramics.  

Table 2 The comparison for the hardness, Young’s modulus and fracture toughness of 

as-sintered HfC ceramics from the literature and this work. 

Typical ceramic samples Young’s modulus  Hardness Fracture toughness/KIC Ref. 
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(GPa) (GPa) (MPa m1/2) 

HfC 360.9±29.5 18.5±0.2 3.4±1.0 [2] 

HfC 283±9.6 10.2±0.7 2.9±0.5 [18] 

 Laminated 

HfC-SiC/graphite 
－ － 9.1±0.5 [8] 

SiC rod-reinforced HfC 

coating 
403.7±9.7 21.3±1.0 4.4±0.6 [10] 

TaC-30 vol.% HfC  

-12 vol.% MoSi2 
－ 15.9±0.6 3.9±0.1 [14] 

TaC-30 vol.% HfC 

 -12 vol.% TaSi2 
－ 17.7±0.4 3.2±0.1 [14] 

HfC-W cermets － 8.8±0.7 13.7±0.7 [13] 

HfC-30 vol% SiC － 20.5±0.2 2.8±0.2 [28] 

HfC-C 26.0±2.2 0.9±0.1 － This work 

HfC-C-15 vol.% SiCN 150.6±14.7 5.0±1.1 5.3±0.2 This work 

As with most of the ceramics, HfC with relatively higher compactness possess 

high hardness and Young’s modulus, but low fracture toughness. Normal dense HfC is 

inherently strong but brittle, and often demonstrates extreme sensitivity to flaws [34]. 

Decreasing the grain size by itself is not as effective in enhancing its fracture 

toughness as for other ceramic materials, as found for HfC [14], Ta0.8Hf0.2C [15] and 

TaC-HfC [18]. Consequently, the way to improve the mechanical properties of HfC, 

especially for its fracture toughness, relies on incorporation of the secondary phases 

and at the same time the precise control of the microstructure of the sintered materials. 

In our composite sample, the amorphous carbon with the turbostratic graphite 

structure (Figure S2) is expected to be the softest [38], and SiC with the bulk hardness 
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around ~30 GPa is the hardest phase [39]. HfC has the intermediate hardness of ~20 

GPa and the varying carbon content is expected to further modify its hardness [40] as 

what is found for SiC [39]. Therefore, the higher fracture toughness obtained for our 

samples is believed to be related to the composite structure where multiple phases 

with different hardness properties form a uniform inter-penetrating 3D network at 

multi-length scales, a similar approach that many natural biological materials, such as 

bones, uses to achieve excellent mechanical properties [17]. The observed effect of 

adding secondary soft phase is also in agreement with previous studies where carbon 

is used to improve fracture toughness. For example, a SiC-C nanostructure increased 

the fracture toughness of SiC from 2.4 MPa m1/2 to 4.0 MPa m1/2 [33]. Additionally, the 

fracture toughness of ZrB2-SiC ceramics was improved effectively by incorporating 

carbon black [37] and the toughness of nanocrystalline boron carbide were improved 

by introducing soft amorphous carbon at grain boundaries [38].  

 

Figure S2 TEM bright field image (a) and HRTEM image for amorphous carbon (b) 

of the HfC ceramic sintered with 15 vol. % SiCN sintering aid by SPS. 

In this work, this approach is optimized to further enhance the fracture toughness 

by achieving a homogeneous distribution of multiple phases with the graded hardness 

in a hierarchical structure. As a result, typical crack deflection, bridging and arrest 
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behavior are observed in our samples for the crack initiated by indentation (Figure 12), 

which are known to increase the tortuosity of the cracking path and enhance the 

resistance to crack growth [13, 14], improving the toughness due to the extra energy 

needed for crack nucleation and propagation.  

4. Conclusions 

In summary, by effectively combining a facile synthesis of HfC nano-powders 

and the use of a novel sintering aid in SPS, the sintered HfC ceramics with a unique 

composite microstructure was successfully fabricated, leading to a greatly enhanced 

fracture toughness. The following conclusions can be drawn: 

(i) The glucose-derived carbon precursor synthesized by hydrothermal method 

displays pyrolysis carbon structure (amorphous carbon) without other impurity. It 

exhibits good dispersibility and a fine particle size of 200-500 nm.  

(ii) Uniform and fine HfC nanoparticles of ~300 nm were obtained at 1450 ºC by 

vacuum carbonization of Hf and the carbon precursor nanoparticles. The small carbon 

precursor not only acts as carbon source but also a template for tailoring the particle 

size and distribution of HfC powders. 

(iii) The as-prepared HfC ceramic sintered with the 15 vol. % SiCN sintering aid 

possesses a unique composite structure where multiple phases with graded hardness 

form a uniform inter-penetrating 3D network at multi-length scales. This HfC ceramic 

sample shows a higher fracture toughness (5.5 MPa m1/2) than that of the reported 

isotropic HfC samples [13, 17]. This preferable microstructure plays a significant role in 

crack deflection, bridging and arrest, promoting the stress release in the crack tip. 
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This work suggests that controlling the composition and microstructure to 

possess graded mechanical properties at different length-scales in UHTCs materials is 

an effective mechanism and route to improve the mechanical behavior for structural 

applications. 
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