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Abstract: A novel single-source precursor was synthesized by the reaction of an allyl hydrido 

polycarbosilane (SMP10) and tetrakis(dimethylamido)hafnium (IV) (TDMAH) for the purpose of 

preparing dense monolithic SiC/HfCxN1-x-based ultrahigh temperature ceramic nanocomposites. The 

materials obtained at the different stages of the synthesis process were characterized via Fourier 

transform infrared (FT-IR) as well as nuclear magnetic resonance (NMR) spectroscopy. The polymer-

to-ceramic transformation was investigated by means of MAS NMR and FT-IR spectroscopy as well as 

thermogravimetric analysis (TGA) coupled with in situ mass spectrometry. Moreover, the 

microstructural evolution of the synthesized SiHfCN-based ceramics annealed at different temperatures 

ranging from 1300°C to 1800°C was characterized using elemental analysis, X-ray diffraction, Raman 

spectroscopy and transmission electron microscopy (TEM). Based on its high temperature behavior, the 

amorphous SiHfCN-based ceramic powder was used to prepare monolithic SiC/HfCxN1-x-based 
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nanocomposites using the spark plasma sintering (SPS) technique. The results showed that dense 

monolithic SiC/HfCxN1-x-based nanocomposites with low open porosity (0.74 vol%) can be prepared 

successfully from single-source precursors. The average grain size of both HfC0.83N0.17 and SiC phases 

was found to be less than 100 nm after SPS processing owing to a unique microstructure: HfC0.83N0.17 

grains were embedded homogeneously in a β-SiC matrix and encapsulated by in situ formed carbon 

layers which acted as diffusion barrier to suppress grain growth. The segregated Hf-carbonitride grains 

significantly influenced the electrical conductivity of the SPS processed monolithic samples. While Hf-

free polymer-derived SiC showed an electrical conductivity of ca. 1.8 S/cm, the electrical conductivity 

of the Hf-containing material was analyzed to ca. 136.2 S/cm.  

Introduction 

HfC, with a melting point of approximately 3900 °C, is one of the most promising ultrahigh 

temperature ceramics (UHTCs) due to its high hardness, high elastic modulus, chemical stability, 

electrical conductivity and relatively high thermal conductivity even under extremely harsh 

environments.
1,2,3,4 

However, the fabrication of dense monolithic HfC ceramic parts is rather 

challenging, as the self-diffusion in HfC is very low and thus sintering processes of HfC require very 

high temperatures (usually beyond 2000 °C), which are disadvantageous concerning grain growth and 

consequently mechanical properties of the ceramic parts.
5,6,7,8,9,10,11,12 

Moreover, HfC and other related 

UHTC systems (e.g., transition metal carbides, nitrides, borides) suffer from rather poor stability in 

oxidative environment at high temperatures.
13,14

 Thus, composites of UHTCs such as MB2/SiC and 

MC/SiC (M = Zr, Hf) have been shown to be more suitable for operation in harsh environments and 

therefore attracted significant attention in the past decades.
15,16,17  

Recently, nanocomposites received increasing interest because an enormous or even unexpected 
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improvement in their properties (e.g. mechanical, electrical, optical etc.) can be achieved when 

reducing the size of the components within the composite materials towards the nano scale.
18,19,20

 One 

of the most suitable preparative routes towards ceramic nanocomposites was shown to rely on the 

pyrolytic conversion of polymeric single-source precursors.
21,22,23

 Thus, the polymer-derived ceramic 

approach has been a promising method for preparing high temperature ceramic nanocomposites, as the 

single-source precursors can be tailored at the molecular level in order to design ceramic 

nanocomposites with unique phase compositions and microstructures and consequently with improved 

properties.  

In the present paper we describe the synthesis of a novel single-source precursor through the reaction 

of SMP10 with TDMAH, its polymer-to-ceramic transformation as well as the nano/microstructural 

evolution of the final SiHfCN-based ceramics. Moreover, we present the preparation of dense 

SiC/HfCxN1-x ceramic nanocomposites via spark plasma sintering (SPS) of polymer-derived SiHfCN-

based ceramic powders and their electrical conductivity behavior. 

 

Experimental Methods 

Synthesis of SiHfCN-based ceramics from single source precursor  

The single-source precursor for the preparation of the SiHfCN-based ceramics was synthesized using 

SMP10 (Starfire Systems) and TDMAH (Sigma Aldrich) as starting materials. The synthesis of the 

single-source precursor was carried out in argon atmosphere (Schlenk Technique) in order to prevent 

the hydrolysis of the starting materials. Thus, 1.5 g TDMAH was dissolved in 14 mL anhydrous 

toluene and then added dropwise to a solution of 3.5 g SMP10 in 20 mL anhydrous toluene with 

stirring at room temperature. The obtained solution was heated at 80 °C for 3 h and subsequently the 
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solvent was removed in vacuum (10
-2 

mbar) at 60 °C. The as-synthesized single-source precursor was 

named as Hf-SMP10_80 (i.e., hafnium-modified SMP10, reaction temperature was 80 °C). The 

obtained solid Hf-SMP10_80 was ground and pyrolyzed at 1100 °C in argon for the preparation of 

SiHfCN-based ceramic named as SHC-1100. The high temperature behavior of SHC-1100 was 

investigated upon annealing in argon atmosphere for 5h at 1300 °C, 1400 °C, 1500 °C, 1700 °C and 

1800 °C. Monolithic SiC/HfCxN1-x-based nanocomposite ceramics were prepared from the SHC-1100 

powder using Spark Plasma Sintering (SPS) at 2200 °C (50MPa, 30min, vacuum). The density and 

open porosity of the monolithic nanocomposite were measured using the water immersion method.
23

  

 

Characterization 

Powder X-ray diffraction (XRD), elemental analysis, Raman spectroscopy and TEM were used to 

characterize the prepared ceramic materials. Carbon, nitrogen and oxygen contents of ceramics were 

measured using hot gas extraction techniques through a LECO C-200 and a LECO TC-436 analyzer. Hf 

and Si content were measured at Mikroanalytisches Labor Pascher (Remagen, Germany). Raman 

spectra were recorded from 400 cm
-1

 to 4000 cm
-1

 employing a micro-Raman HR8000 spectrometer 

(Horiba Jobin Yvon, Bensheim, Germany) using a laser wavelength of 514.5 nm. 

TGA/MS was carried out with a thermal analysis device (STA 449C Jupiter, Netzsch, Germany) 

coupled with a quadrupole mass spectrometer (QMS 403C Aëolos, Netzsch, Germany) to study the 

polymer-to-ceramic transformation of Hf-SMP10_80. The thermal analysis included heating under 

flowing argon with a rate of 5 °C/min, holding at 1400 °C for 2h and free cooling down to room 

temperature. 

Hf-SMP10_80 was also pyrolyzed at 200 °C (Hf-SMP10_200), 400 °C (Hf-SMP10_400) and 600 °C 
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(Hf-SMP10_600). The obtained materials were studied by solid-state magic-angle spinning nuclear 

magnetic resonance (MAS NMR) and FT-IR measurements. Moreover, SiHfCN-based ceramics 

prepared at 800 °C, 1100 °C and 1300 °C were also investigated using solid-state MAS NMR.  

NMR experiments of the starting materials (SMP10 and TDMAH) were carried out on a Bruker AV 300 

NMR spectrometer (Bruker, Germany) operating at 300.13 MHz for 
1
H, 75.46 MHz for 

13
C (

1
H-

decoupling) and 59.63 MHz for 
29

Si (
1
H-decoupling), and the delay time was 30 s. The solvent for 

NMR was CDCl3 (for SMP10) and C6D6 (for TDMAH). The chemical shifts of 
1
H, 

13
C, and 

29
Si were 

all referred to tetramethylsilane (TMS) as external standard.  

13
C and 

29
Si MAS NMR measurements of Hf-SMP10_80, Hf-SMP10_200, Hf-SMP10_400 and Hf-

SMP10_600 were performed on a Bruker AV 300 NMR spectrometer (Bruker, Germany) using a 4.0 

mm Bruker double resonance MAS probe with a spinning speed of 5.0 kHz. The 
13

C isotropic chemical 

shifts were referenced to the carbonyl carbon of glycine (assigned to 173.2 ppm). In addition, 
29

Si and 

13
C MAS NMR spectra of SiHfCN-based ceramics prepared at 800 °C, 1100 °C and 1300 °C were 

measured using the single pulse (SP) technique operating at 125.79MHz for 
13

C and at 99.38MHz for 

29
Si. Both 

13
C and

29
Si MAS NMR spectra were recorded using a 90 °pulse of 6µs and recycle delays of 

60s. 
29

Si and 
13

C chemical shifts were determined relative to the external standards kaolin and 

adamantane, respectively, and are given with respect to the primary standard TMS (δ = 0 ppm).  

Transmission electron microscopy (TEM) studies were conducted on ground powder samples using a 

JEM-2100 (Japan) microscope at an acceleration voltage of 200 kV (wavelength l52.51 pm) coupled 

with an electron diffraction spectroscope (EDS, EDAX, USA). In addition, the selected area electron 

diffraction (SAED) technique was employed in order to investigate the phase separation and nucleation 

of the Hf containing phase. 
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The electrical conductivity of the as-prepared monolithic SiC/HfCxN1-x-based nanocomposite was 

measured using the four-point probe method with square arrangement probes. Thus, a KEITHLEY 224 

was used as a programmable current source and a KEITHLEY 2010 multimeter was used for voltage 

measurement. The four-point probes were placed in the center of the monolithic samples which were 

polished with 1μm SiC on felt cloth. The electrical conductivity of dense monolithic Hf-free SiC-based 

ceramics obtained by SPS of pure SMP10-derived ceramic powders was also measured for the sake of 

comparison.  

Results and Discussion  

Synthesis of the single-source precursor 

As mentioned above, the single source precursor, i.e. Hf-SMP10_80, was synthesized by the reaction 

of SMP10 with TDMAH. During the synthesis, samples were collected at different steps for FT-IR 

spectroscopy measurement and the spectra of the precursors reacted at room temperature (RT) and at 

80 °C are shown in Figure 1a. The spectra of pure SMP10 at room temperature as well as heated at 

80 °C for 3 h are also shown in Figure 1 for comparison. Upon TDMAH addition to pure SMP10 at 

room temperature, the absorption bands assigned to the allyl groups (C-H stretching at 3075cm
-1

 and 

C=C stretching at 1630 cm
-1

)
24

 disappear and the relative intensity of the Si-H band (Si-H stretching at 

2115cm
-1

) significantly decreases with respect to the intensity of the Si-CH3 band (Si-C stretching at 

747cm
-1

),
25

 while new bands due to Hf-NCH3 groups appear, including C-H stretching at 2788 cm
-1

and 

N-CH3 bending 1450 cm
-1

 as well as the characteristic vibrations of Hf-N-C units at 945 cm
-1

.
26

 After 

heating at 80 °C for 3 h, the relative intensity of the Si-H band at 2115cm
-1 

in the spectrum labeled (4) 

decreases further, while those of the Hf-NCH3 bands change slightly.  
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Figure1. FT-IR spectra of precursors before and after reaction are shown in (a), and the region from 

500 to 1500 cm
-1

 is shown magnified in (b): (1) SMP10_RT, (2) SMP10_80, (3) Hf-SMP10_RT, (4) 

Hf-SMP10_80; RT = room temperature. 

 

According to previous reports,
27,28

 two reaction pathways occur during the synthesis of Hf-SMP10_80 

(Figure 2). The first one involves the hydrosilylation of the allyl groups, which explains the 

disappearance of allyl groups and the decrease in the intensity of Si-H peaks. As the hydrosilylation 

process starts at temperatures of ca. 100-120 °C,
21

 the pure SMP10 heated at 80 °C (spectrum (2) in 

Figure 1a) did not show significant changes of the intensities of the allyl and Si-H vibrations. However, 

the addition of TDMAH to SMP10 induces the disappearance of the absorption bands of the allyl 

groups even at room temperature (spectrum (3) in Figure 1a), which indicates that the TDMAH acts as 

a catalyst for the hydrosilylation.
29,30

 The second reaction route involves the reaction of TDMAH with 

the Si-H groups of SMP10, which leads to the formation of Si-N-Hf linkages. Li et al. calculated bond 

dissociation energies using density functional theory and they roughly follow the order of  

Hf-N > C-H/Si-N > Si-H/Si-C > N-C/Hf-H > Hf-Si.
26

 This information was corroborated with 

chemisorption experiments of TDMAH on Si substrates to suggest that the reaction between TDMAH 

and hydrogen terminated Si (100) surfaces occurs through the formation of Si-N bonds, which is more 

probable than that of Si-Hf bonds.  
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Based on the two reaction pathways, synthesis of the single-source precursor from SMP10 and 

TDMAH can be describes as depicted in Figure 2: the allyl and Si-H groups of SMP10 are involved in 

hydrosilylation which leads to an increased cross-linking degree of the precursor; additionally, 

TDMAH reacts with the Si-H groups of SMP10 to form Si-N-Hf linkages and gaseous CH4. 

 

Figure 2. Reaction pathways during synthesis of the single-source precursor from SMP10 and 

TDMAH. 

 

According to the 
29

Si NMR spectra, there are three kinds of hydrogen-bearing Si sites (hydrido silyl 

groups), as alternating groups of the polymer backbone of SMP10, i.e. CSiH3, C2SiH2 and C3SiH.
31

 

Hence, different kinds of Si-N(CH3)-Hf units including CSiH2N, CSiHN2, CSiN3, SiC2HN, SiC2N2 and 

SiC3N can be generated upon reacting the corresponding Si-H groups with TDMAH. In order to further 

investigate the reaction between SMP10 and TDMAH in more detail and to confirm the molecular 

structure of the obtained precursor, 
13

C and 
29

Si NMR analysis was conducted on the pure SMP10, 

TDMAH, as well as on Hf-SMP10_80 and the results are shown in Figure 3.  
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Figure 3. NMR spectra of starting materials (TDMAH and SMP10) and MAS NMR spectra of Hf-

SMP10_80: (a)
 13

C and (b) 
29

Si spectra. 

 

In the 
13

C NMR spectrum of SMP10 (Figure 3a), the chemical shifts of 134.3 ppm and 114.7 ppm are 

assigned to the carbon sites of ≡Si–CH2–CH=CH2 (d) and ≡Si–CH2–CH=CH2 (e) of the allyl groups, 

respectively. Multiple chemical shifts in the region from 17.7 to 30.0 ppm are attributed to the ≡Si–

CH2–CH=CH2 (c) linkage between silicon and the allyl groups. The signal of the ≡Si-CH3 groups was 

observed around 2.4 ppm and the chemical shifts from -4.4 to -16.0 ppm were assigned to ≡Si–CH2–Si 

linkages on the main chain (b).
24

 Compared with the 
13

C spectrum of pure SMP10, the allyl-carbon 

resonances (d and e) of the Hf-SMP10_80 disappeared due to the hydrosilylation process, which is 

consistent with the FT-IR results. A new broad resonance appeared in the region from 16 to 21 ppm, 

which was assigned to the carbon sites of ≡Si-CH2-CH2-CH2-Si≡ units derived from the β-addition 

product, while the resonance assigned to the methylene carbon of the ≡Si-CH2-CH(CH3)-Si≡ 

SiCH2CH(CH3)Si units derived from the α-addition product was overlapped with those of the ≡Si-CH3 

(a) units and ≡Si-CH2-Si≡ (b) groups from SMP10.
31

 Concerning the hydrosilylation, the NMR results 

agree well with the reaction paths shown in Figure 2. The spectrum of Hf-SMP10_80 shows one broad 

additional resonance around 41 ppm, which was assigned to =N-CH3 groups stemming from the Hf-

NCH3 units of the precursor, thus supporting the reaction between SMP 10 and TDMAH.  
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The 
29

Si NMR signals of pure SMP10 were already published and are shown in Figure 3b according to 

the references.
24,32

 If compared with pure SMP10, the integral of the peaks in the spectrum of  

Hf-SMP10_80 clearly show that the contents of CSiH3 and SiC2H2 units are decreased, indicating that 

both the hydrosilylation of SMP10 and the reaction between SMP10 and TDMAH occur. As 

aforementioned, new silicon units including CSiH2N, CSiHN2, CSiN3, SiC2HN, SiC2N2 and SiC3N are 

supposed to form in the obtained Hf-SMP10_80 precursor. However, in the 
29

Si MAS NMR spectrum 

of Hf-SMP10_80, only three new signals were analyzed and assigned to SiC3N, SiC2N2 and SiC2HN 

units, exhibiting site fractions of 1.9 , 2.1 and 4.4 %, respectively (Table 1).
33

  

In conclusion, the NMR results clearly indicate that the reaction between TDMAH and SMP10 resulted 

in the formation of a single-source precursor (i.e., Hf-SMP10_80), which was subsequently 

investigated concerning its polymer-to-ceramic transformation. 

 

Polymer-to-ceramic transformation 

The structural evolution during the polymer-to-ceramic conversion of the single-source precursor  

Hf-SMP10_80 was studied by a combination of FT-IR (Figure 4), 
13

C and 
29

Si MAS NMR (Figure 5) 

and in situ TGA/MS (Figures 6 and 7) studies. As shown in Figure 4a, the intensities of the Si-H and 

N-CH3 vibrations have only slight changes with the temperature increasing from 80 °C to 200 °C. 

However, the intensity of the N-CH3 absorptions decreases significantly after pyrolysis at 400 °C due to 

the further reaction between the N-CH3 groups of TDMAH and the Si-H groups of SMP10 (NCH3/Si-

H). The bands of the Si-H vibration at 2115 cm
-1

 and 930 cm
-1 

also decrease due to dehydrocoupling 

(Si-H/Si-H) and further reactions between TDMAH and SMP10 (NCH3/Si-H).  
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Figure 4. (a) FT-IR spectra of Hf-SMP10_80 heat-treated at different temperatures; (b) magnification 

of the region from 500 to 1500 cm
-1

. 

 

At temperature beyond 600 °C, the peaks for the NC-H stretching vibration at 2788 cm
-1

 and N-CH3 

bending at 1450 cm
-1

 disappear while the characteristic absorption band of Hf-N-C at around 945cm
-1

 

still exists, overlapping with broad Si-C peaks (Figure 4b). The intensities of the Si-CH3 absorption 

bands at 2955, 2861 and 1250 cm
-1

 as well as that of the Si-CH2-Si bands at 2920, 1035 and 1353 cm
-1

 

decrease, which is attributed to the decomposition of the organic groups. 

13
C and 

29
Si MAS NMR analysis was also performed and the results are shown in Figure 5 and Table 1. 

As shown in Figure 5a, the intensity of the carbon signal of the HfNCH3 units significantly reduces 

with the temperature increasing from 200 °C to 400 °C and disappears at 600 °C, indicating that the 

amido groups are consumed by the reaction between TDMAH and SMP 10 (NCH3/Si-H), which is 

consistent with the FT-IR results. 
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Figure 5. 
13

C and 
29

Si MAS NMR spectra of Hf-SMP10_200, Hf-SMP10_400 and Hf-SMP10_600. (a): 

13
C spectra; (b), (c) and (d): 

29
Si MAS NMR spectra. The black solid bold lines are the experimental 

spectra, the dashed lines represent the simulated spectra and the colorful solid lines indicate the 

individually fitted components. 

 

From 80°C to 200 °C, the chemical shifts of the 
29

Si signals changed slightly and the fractions of SiC3N, 

SiC2HN and SiC2N2 units increase owing to the progress of the reaction between TDMAH and SMP10 

(NCH3/Si-H) (Table 1). With the temperature increasing from 200 °C to 400 °C, the CSiH3 units almost 

disappear and the intensity of the SiC2H2 signal decreases considerably while those of the SiC3H signals 

increase (Table 1, Figures 5b and 5c), due to Si-H/Si-H dehydrocoupling reactions.
34

 The signals of 

SiC2HN and SiC3N units disappear and that of SiC2N2 becomes stronger and broader with a fraction up 

to 42.2 %, indicating a significant reaction between N-CH3 and Si-H groups (NCH3/SiC2H2 and 

NCH3/SiC2HN) upon generating additional SiC2N2 units. Subsequently, after pyrolysis at 600°C, the 

signal related to SiC2H2 units disappear and a new peak assigned to SiC4 units (-5 ppm) appear due to 

Si-H/Si-H dehydrocoupling (Figure 5d).
31
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The NMR and FT-IR spectroscopic results were further supported by the results of the in situ TG/MS 

analysis. As shown in Figure 6, the TG and DTG curves (first time derivative of the TG) revealed that 

there are 3 main steps during the pyrolysis of Hf-SMP10_80.  
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Figure 6. TG and DTG (first derivative of the TG) curves of ceramization process of Hf-SMP10_80. 

 

The first step started from ambient temperature to approximately 200 ºC with the DTG peak at 56.7ºC. 

During this step, a small weight loss was observed and slight release of CH4 (Figure 7a, m/z = 15) was 

detected, which relies on the reaction between TDMAH and SMP 10 (N-CH3/Si-H), leading to the 

decomposition of N-CH3 groups. However, the decomposition of the N-CH3 groups was not significant 

at these temperatures, as the intensity of N-CH3 in the 
13

C MAS NMR spectrum of Hf-SMP10_80 

pyrolyzed at 200 ºC (Figure 5a) is still very high. This behavior is different from that of the pure 

TDMAH, which fully decomposes at temperatures beyond 150 ºC.
26

 

In the temperature range from 200 to 600 ºC, two evolution peaks of CH4 were detected. At 490 ºC, the 

first release of CH4 was observed, leading to the weight loss during ceramization process. The CH4 is 

generated from the further reaction between TDMAH and SMP10 (reaction between NCH3 and Si-H 

groups), which was substantiated by FT-IR and solid-state MAS NMR results. Moreover, the release of 

amines was also detected during the temperature range from 250 to 600 ºC (Figures 7b and 7c) and 

ammonia was detected at temperatures from 340 to 780 ºC (Figure 7a) as well, suggesting that 
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transamination occurred during the ceramization process. This was further supported by ex situ FTIR 

and MAS NMR investigations on the samples pyrolyzed at 200, 400 and 600 ºC. Furthermore, some 

fragments derived from hydrocarbons such as C2H6 (from 300 to 680 ºC, Figure 7b), C3H8 (from 250 to 

620 ºC, Figure 7c) and C4H10 (from 250 to 620 ºC, Figure 7d) were detected as well; their release relies 

on the decomposition of the organic substituents in the single-source precursor decomposition. The 

ceramization process was found to be completed at approximately 900 °C (i.e., beyond this temperature 

no mass loss was observed), leading to a ceramic yield of ca. 80 wt%.  
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Figure 7. TG and QMID ion current curves (QMID - quasi multiple ion detection) describing the 

evolution of volatile species during the polymer-to-ceramic transformation of Hf-

SMP10_80 (a: hydrogen (m/z = 1 and 2), methane (m/z = 12, 13 and 15) and ammonia (m/z 

= 17); b: amines and  C2H6 (m/z = 24, 25, 26, 27, 29, 30 and 31); c: amines and C3H8 (m/z 

=36, 37, 38,41, 42, 43 and 45); d: C4H10. 
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Table 1. 
29

Si MAS NMR chemical shifts and fractions of the silicon containing units in the precursors 

and pyrolytic residues at different temperatures.  

 

Microstructural evolution of the as-prepared ceramics 

After pyrolysis of Hf-SMP10_80 at 1100 °C in argon atmosphere, a black ceramic was obtained (i.e., 

SCH-1100). The synthesized ceramic was subsequently annealed in argon atmosphere at 1300, 1400, 

1500, 1700 and 1800 °C in order to investigate its high temperature behavior with respect to 

decomposition, phase separation as well as crystallization. After annealing at different temperatures, 

the relative weight loss with respect to the sample SHC-1100 and the elemental contents of Hf, Si, C, N 

and O in the obtained ceramic materials were analyzed and the results are listed in Table 2. Considering 

that the SiC yield of pure SMP10 amounts 72-78 wt%, the weight ratio of TDMAH:SMP10 is 30:70, 

and assuming that Hf segregates as HfC in the obtained ceramics, the HfC content can be estimated to 

be 23-24 wt% and agrees well with the experimentally determined HfC contents (e.g., 24 wt% HfC in 

SHC-1700). Consequently, the loss of Hf during polymer-to-ceramic transformation of the single-

source precursor and during the high-temperature annealing of the ceramic materials is considered to 

be negligible. 

 

 

Temperature 

[°C] 

 SiC3N  SiC2HN  SiCH3  SiC2H2 

 [ppm] [%]  [ppm] [%]  [ppm] [%]  [ppm] [%] 

80  10.69 3.1  -1.22 3.4  -61.53 6.0  -33.78 38.8 

200  9.78 4.1  -2.12 6.2  -62.47 5.2  -34.80 33.6 

400  --- ---  --- ---  --- ---  -35.75 12.2 

Temperature 

[°C] 

 SiC2N2  SiC3H  SiC4  SiC3O 

 [ppm] [%]  [ppm] [%]  [ppm] [%]  [ppm] [%] 

80  5.59 7.2  -10.41 37.6  --- ---  16.40 3.9 

200  4.49 8.2  -11.86 40.1  --- ---  15.76 2.7 

400  2.93 42.2  -12.89 42.1  --- ---  11.97 3.4 

600  1.99 15.2  -16.70 53.6  -5.00 25.2  8.23 6.1 

800  -5.73 19.0  --- ---  -13.43 76.7  7.39 4.3 

1100  -10.87 19.2  --- ---  -16.56 79.1  3.97 1.7 

1300  -22.60 2.3  --- ---  -17.27 93.5  0.20 4.1 
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Table 2. Weight loss and chemical composition of ceramics annealed at different temperatures. 

 

Sample 
Processing 

temperature 

Mass 

loss 

(wt%)* 

Elemental analysis (wt%) 
Empirical formula 

Si Hf C N O 

SHC-1100 1100 °C - 45.80 20.00 25.14 3.86 3.89 SiHf0.07C1.28N0.17O0.15 

SHC-1300 1300 °C 0.92% n.d. n.d. 25.26 3.78 3.66 n.d. 

SHC-1400 1400 °C 2.31% n.d. n.d. 24.98 3.96 3.49 n.d. 

SHC-1500 1500 °C 11.1% n.d. n.d. 25.80 1.97 1.52 n.d. 

SHC-1700 1700 °C 14.23% 51.00 22.90 24.94 0.28 0.14 SiC·0.06HfC·0.01HfN·0.071C 

SHC-1800 1800 °C 14.76% n.d. n.d. 24.89 0.13 0.08 n.d. 

* - weight loss with respect to the as-prepared ceramic (i.e., SHC-1100); n.d.: not determined  

 

As shown in Table 2, the weight loss of the ceramics annealed at temperatures below 1400 °C is low 

and the contents of C, N and O are only slightly changed. A relatively obvious weight loss occurred at 

1500 °C due to the loss of N and O.
35

 After the release of N and O, the weight loss increased marginally, 

even upon annealing for 5 h at 1800 °C. This result suggests a promising high temperature stability of 

the synthesized SiHfCN-based ceramics. 

In order to investigate the temperature evolution of the prepared SiHfCN-based ceramics, 
29

Si and 
13

C 

MAS NMR spectra of the ceramics prepared at 800 °C, 1100 °C and 1300 °C were measured and 

deconvoluted using Lorentz fitting. As shown in Figure 8, there is a broad 
29

Si resonance in the spectra 

of the ceramics pyrolyzed at 800, 1100, and 1300 °C, indicating the heterogeneous amorphous nature 

of the local environment around the Si atoms.
31,36
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Figure 8. 
29

Si MAS NMR spectra of SiHfCN-based ceramics pyrolyzed at 800 °C (a), 1100 °C (b) as 

well as annealed at 1300 °C (c). 
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As aforementioned, the Hf atoms are connected of SMP10 by Hf-N(CH3)-Si units to the polymeric 

backbone of the single-source precursor (Figure 2). During the pyrolysis process, part of the nitrogen 

atoms at the Hf sites might be substituted by C atoms due to transamination processes.
26

 Thus, in the 

ceramic pyrolyzed at 800 °C Hf atoms might be connected to the amorphous matrix by Hf-N and Hf-C 

bonds. This assumption is supported by the low-field shift of the 
29

Si resonances of the SiC2N2 and 

SiC4 sites (Figures 5 and 8). It is known from literature that in SiCN samples obtained at 600 °C, the 

chemical shift SiC2N2 sites is ca. -7.5 ppm,
34

 while in our Hf-containing sample they exhibit a 

significant low-field shift to ca. 1.99 ppm. This is considered to rely on the presence of Hf in the 

proximity of SiC2N2 sites, which is responsible for the decrease of the electronic density at Si. 

Analogous trends were also found in SiMOC materials (M = Zr 
37

, Hf 
23

), in which the 
29

Si chemical 

shifts SiO4 sites were significantly low-field shifted due to the presence of Zr/Hf bonded to the SiO4 

tetrahedra. Also the SiC2N2 and SiC4 sites (with chemical shifts of ca.-12 and -15 ppm, respectively)
34

 

are shifted to low field (i.e., -5.73 and -13.43 ppm, respectively), due to the existence of Si-N-Hf and 

Si-C-Hf linkages. 

As the heat treatment temperatures increases (e.g., to 1100 °C), HfCxN1-x starts to segregates (i.e., 

phase separation of SiHfCN upon breaking of Si-N-Hf and Si-C-Hf linkages), which consequently 

leads to a high-field shift of the 
29

Si resonances of the SiC2N2 and SiC4 sites (Table 1). The phase 

separation is not significant at 1100 °C, thus the SiC2N2 sites are still significantly low-field shifted (-

10.9 ppm) as compared to SiC2N2 sites in Hf-free SiCN (-17 ppm) (see Table 1). Whereas after 

annealing at 1300 °C both SiC2N2 (-22.6 ppm) and SiC4 sites (-17.3 ppm) show similar chemical shifts 

to those of Hf-free SiCN materials (Table 1).
38

 The presence of small amounts of SiC3O units (< 6%) in 

the investigated samples (Table 1, Figures 5 and 8) has been explained as a consequence of some 
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oxygen contamination during the processing of the single-source precursor.
23, 39

  

The 
13

C MAS NMR spectra in Figure 9 show that the resonances for the carbon sites of the C-N-Hf 

units (chemical shift at 37.9 ppm) exist in the samples prepared at 800, 1100, and 1300 °C even after 

the phase separation of SiHfCN, suggesting that some Hf is still present within the ceramic matrix after 

the segregation of HfCxN1-x. This has been reported also in SiHfOC ceramics, where the presence of Hf 

within SiOC matrix after the segregation of HfO2 was found to be responsible for the coarsening of the 

HfO2 precipitations upon high-temperature annealing of the nanocomposites.
40, 41

 Additionally, the 

presence of segregated sp
2
 carbon in the investigated materials is obvious. In Figure 9a, the 

13
C 

resonance at 138.07 ppm was assigned to sp
2
 C-C with one or more Si nearest neighbors,

42
 indicating 

that the segregated carbon phase is connected to the SiHfCN matrix via C-Si bonds after pyrolysis at 

800 °C. In the materials heat-treated at higher temperatures, two types of sp
2
 carbon sites were found 

(Figure 9b), namely one with a chemical shift of 164.10 ppm, which was assigned to nitrogen-

containing sp
2
 carbon and a second resonance located at 127.49 ppm which corresponds to turbostratic 

carbon (sp
2
 C-C). 42,43
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Figure 9. 
13

C MAS NMR spectra of ceramics prepared at 800 °C, 1100 °C and annealed at 1300 °C 

(the peaks denoted with asterisks are the spinning side bands). 

After annealing at 1300 °C (Figure 9c), the peak corresponding to the nitrogen-containing sp
2
 carbon 

was found to be shifted to high field (chemical shift at 151.44 ppm). Hence, from the NMR data it can 

be concluded that the ceramics pyrolyzed at 800 °C are mainly comprised of an amorphous SiHfCN 
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single phase connected to carbon-rich domains, and that the phase separation of HfCxN1-x starts after 

pyrolysis at 1100 °C and is almost completed after annealing at 1300 °C. 

In order to investigate the crystallization behavior of the SiHfCN-based ceramics, X-ray diffraction 

patterns (XRD) of the ceramic materials annealed at different temperatures were measured and the 

results are shown in Figure 10.  
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Figure 10. (a) XRD patterns of the ceramics pyrolyzed and annealed at different temperatures as well 

as sintered at 2200 °C. (b) the region in the rectangle is shown magnified.  

 

The XRD patterns reveal that the ceramic prepared at 1100 °C is mainly X-ray amorphous, while with 

increasing annealing temperatures, crystallization of both HfCxN1-x and β-SiC takes places. 

Interestingly, the Hf-containing phase was found to contain some amount of nitrogen (i.e., HfCxN1-x). 

According to Hume-Rothery rules, cubic HfC and HfN are able to form complete quasi-binary solid 

solutions, as both of them are interstitial compound having fcc structure and the covalent radii of the C 

and N atoms differ by only 2.60 %.
44,45

 The volume fractions, grain sizes and lattice constants of 

HfCxN1-x and β-SiC obtained by Full-Profile Rietveld refinement of the XRD patterns of the 

investigated samples, are listed in Table 3. 
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Table 3. Volume fractions, grain sizes and lattice constants of HfCxN1-x and β-SiC as well as the 

estimated compositions of HfCxN1-x in the ceramics annealed at different temperatures. 

 

 

As shown in Figure 10b, the reflections of the HfCxN1-x phase shift towards low 2θ values upon 

increasing the annealing temperature, i.e., the HfCxN1-x phase becomes enriched in carbon. As 

previously reported, the lattice constant of HfCxN1-x is a linear function of its chemical composition 

which obeys Vegard’s law.
45, 46 

Thus, the observed shift of the XRD reflections in Figure 10b (as for the 

(111) and (200) reflections) was used to estimate the chemical composition of the HfCxN1-x phase in the 

ceramics prepared at different temperatures (Table 3).
47  

The composition of the HfCxN1-x phase can be estimated also from the chemical composition of the 

samples. For the sample SiHC-1700 (with the chemical composition SiC1.14Hf0.07N0.01(O0.005)), the 

composition of the HfCxN1-x phase is HfC0.86N0.14 and agrees very well with the composition estimated 

by the Vegard's law from the XRD pattern (HfC0.87N0.13, Table 3). 

The synthesized SiHfCN-based ceramics annealed at different temperatures ranging from 1100 to 

1700°C were further studied by means of TEM in order to assess the evolution of their phase 

composition and microstructure at high temperatures (Figures 11 and 12). In Figure 11a, the ceramic 

prepared at 1100 °C is amorphous, as revealed by the featureless selected area electron diffraction 

(SAED) pattern. However, contrast variations indicate that the phase segregation of HfCxN1-x occurred, 

as shown in the high-resolution micrograph in Figure 11b, which shows small nuclei of HfCxN1-x with 

Sample 

Volume fraction 

(%) 
 

Estimated grain 

size (nm) 
 

Lattice Constant, 

a (Å) 
 

Estimated 

Composition 

of HfCxN1-x  HfCxN1-x SiC  HfCxN1-x SiC  HfCxN1-x SiC  

SiHC-1400 1.71 98.29  5.61 1.63  4.6020 4.3445  HfC0.68N0.32 

SiHC-1500 6.99 93.01  18.12 3.59  4.6132 4.3469  HfC0.78N0.22 

SiHC-1700 11.01 88.99  45.11 33.41  4.6231 4.3519  HfC0.87N0.13 

SiHC-1800 10.11 89.89  51.59 54.59  4.6309 4.3561  HfC0.93N0.07 

SPS-2200 °C 8.58 91.41  80.87 36.63  4.6184 4.3563  HfC0.83N0.17 
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diameter less than 2 nm dispersed homogeneously throughout the matrix. After annealing at 1300 °C, 

HfCxN1-x precipitations (dark contrast) with an average particle size of ca. 2.5 nm were found to be 

homogeneously dispersed within a silicon carbide matrix (Figures 11c and 11d). In the high-resolution 

micrograph lattice fringes of the poorly crystallized HfCxN1-x nanoparticles can be observed. Although 

no β-SiC crystallites were visualized, the SAED pattern clearly indicates the crystallization of β-SiC 

and thus agrees with the XRD results. 

The TEM micrographs of the ceramics annealed at 1400 and 1700 °C are shown in Figure 12 and show 

the presence of HfCxN1-x embedded within a β-SiC matrix, as shown also by EDS analysis. After 

annealing at 1700 °C, β-SiC crystallites can be identified (see Figure 12d). Interestingly, the size of the 

SiC nanoparticles (few nanometers) was significantly lower than that estimated by Rietveld refinement 

(ca 33 nm, see Table 3). 

The sample annealed at 1400 °C is characterized by a unique microstructure. As depicted in Figure 12, 

the HfCxN1-x nanoparticles are encapsulated within a layer of carbon (thickness ca. of 2-4 nm). 

Moreover, the thickness of the carbon layer (CL) was found to increase from 1400 to 1700 °C. The 

high-resolution image (Figure 12b) illustrates that the carbon phase has an interplanar spacing of 0.34 

nm, which is similar to graphitic carbon;
48

 however, the TEM micrographs as well as Raman 

spectroscopy data (shown in Supplementary Information) indicate that the encapsulating carbon phase 

has a rather highly disordered / turbostratic nature. 
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Figure 11. TEM images of SHC-1100 (a and b) and SHC-1300 (c and d). 

 

Based on previous research reports, metal nanoparticles such as Fe encapsulated by carbon layer have 

been developed. The carbon layer was shown to act a diffusion barrier and thus to prevent the growth 

of the nanoparticles.
49,50 

In the present study, the HfCxN1-x  particles are embedded in a 2-4 nm thick 

carbon layer (Figures 12b and 12d), which effectively inhibits their coarsening even at very high 

temperatures. As can be taken from the TEM images, the average particle size of HfCxN1-x annealed at 

1400 °C and 1700 °C amounts 8 and 37 nm, respectively. Thus, the HfCxN1-x precipitations do not 

increase significantly in size upon increasing the annealing the temperature. The average size of both 

HfCxN1-x and β-SiC was found to be less than 55 nm even after annealing at 1800 °C (Table 3). This 

type of microstructure has also been reported in B4C/SiC and SiC/Fe/C ceramic nanocomposites as 

well as ZrC-containing C/C composites.
27,48,51

 However, the mechanism of its formation is not clear yet.  
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Figure 12. TEM micrographs of SHC-1400 (a and b - b is a high-resolution image magnified from the 

white rectangular area in a) and SHC-1700 (c and d - d is a high-resolution image magnified from the 

white rectangular area in c). 

 

The ceramic powder prepared at 1100 °C (i.e., SiHC-1100) was used to synthesize dense monolithic 

SiC/HfCxN1-x-based nanocomposites using plasma spark sintering (SPS). After sintering at 2200 °C (50 

MPa, 30 min dwell), dense SiC/HfCxN1-x-based monoliths with residual porosity of 0.74 vol% and a 

skeletal density of 3.72 g cm
-3

 were obtained. The XRD pattern of the monolithic sample (Figure 10a) 

reveals that HfCxN1-x and β-SiC phases are formed after sintering at 2200 °C and the estimated 

composition of HfCxN1-x was HfC0.83N0.17. The average sizes of β-SiC and HfCxN1-x nanoparticles were 

ca. 37 and 81 nm, respectively. 
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Figure 13. TEM micrographs of monolithic SiC/HfCxN1-x-based ceramic nanocomposites prepared 

upon SPS at 2200 °C (CL: carbon layer). 

 

Representative TEM micrographs of the monolithic ceramic nanocomposite are shown in Figure 13 

and indicate that the HfCxN1-x particles were encapsulated by a carbon layer, as also observed for the 

powder samples annealed at high temperatures and thus explaining the nanoscaled microstructure in the 

obtained monolithic sample. 

Electrical conductivity of the synthesized monolithic SiC/HfCxN1-x 

nanocomposites 

The electrical conductivity was measured 3 times on each side of the dense monolithic SiC/HfCxN1-x 

nanocomposite and Hf-free SiC-based ceramics using currents of 10, 30 and 50 mA at 20ºC. The 

results showed that the average electrical conductivity of the dense monolithic SiC/ HfCxN1-x 

nanocomposite is 136.24 S/cm and the dense monolithic Hf-free SiC ceramic possesses an electrical 

conductivity of 1.83 S/cm. As reported in the literature, the electrical conductivity of pure β-SiC at 

ambient temperature is ca. 1.8×10
-3 

S/cm
52

 while the polymer derived β-SiC-based ceramics especially 

the β-SiC fibers have electrical conductivity higher than 1.2 S/cm. This feature is mainly due to the 

presence of free carbon and to the microstructure and microtexture of the polymer derived SiC 

ceramics
53

. In the present study, the free carbon has been also shown to highly enhance (ca. three orders 
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of magnitude) the electrical conductivity of the dense monolithic Hf-free SiC-based ceramic as 

compared to that of pure β-SiC. Moreover, the dense monolithic SiC/HfCxN1-x-based nanocomposite 

which in addition to free carbon contains ca. 8.6 vol% of HfC0.83N0.17 (Table 3) exhibits a two order of 

magnitudes higher electrical conductivity than that of the polymer-derived monolithic Hf-free SiC-

based sample (136 vs. 1.8 S/cm). This finding relies on the electrical conductivity of cubic HfN, HfC 

and their solid solutions (with values in the order of 10
4 

S/cm)
4
 and on the fact that the HfC0.83N0.17 

nano-grains are homogeneously distributed within the SiC/HfCxN1-x-based nanocomposites.  

CONCLUSIONS 

Dense monolithic SiC/HfCxN1-x-based nanocomposites can be prepared upon SPS processing of a 

single-phase amorphous SiHfCN-based ceramic which was synthesized from a single-source precursor. 

The ceramization of the single-source precursor indicates that the Hf incorporation significantly 

increases the cross-linking degree of the polymeric backbone and consequently the ceramic yield was 

as high as 80 wt% upon pyrolysis at ca. 900 °C. The resulting single-phase amorphous SiHfCN was 

found to undergo phase separation at temperatures beyond 1100 °C, leading to the formation of 

amorphous SiC, HfCxN1-x and segregated carbon. By annealing the amorphous ceramic at temperatures 

of 1400 to 1800 °C, a unique microstructure was obtained, consisting of HfCxN1-x nanoparticles 

dispersed within a β-SiC matrix and encapsulated by a 2-4 nm thick carbon layer. This microstructural 

feature is considered to be responsible for the microstructural stability of the ceramic nanocomposites 

upon exposition to high temperatures, which allows for preparing nano-scaled ultrahigh temperature 

ceramics. Moreover, a dense monolithic SiC/HfCxN1-x-based nanocomposite (SiC/HfC0.83N0.17) was 

successfully prepared by SPS using the SiHfCN-based ceramic powder synthesized at 1100 °C. The 

grain size of both SiC and HfC0.83N0.17 are less than 100 nm. Also the dense monolithic nanocomposite 
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is characterized by HfCxN1-x grains encapsulated by an in situ formed carbon layer and embedded 

homogeneously in a β-SiC matrix. The presence of segregated carbon and of well dispersed 

HfC0.83N0.17 nano-particles with metallic character within the microstructure of the prepared 

SiC/HfCxN1-x-based nanocomposites has been found to be responsible for a significant increase of the 

electrical conductivity as compared to monolithic Hf-free and polymer-derived SiC ceramics prepared 

under similar conditions.  
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