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A B S T R A C T

Ultra-high temperature ceramic nanocomposites (UHTC-NC) within the Si(HfxTa1− x)(C)N system were synthe
sized via the polymer-derived ceramics (PDC) synthesis route. The microstructure evolution of the materials was 
investigated upon pyrolysis and subsequent heat treatment. The crystallization behavior and phase composition 
were studied utilizing X-ray diffraction, scanning- and transmission electron microscopy. Single-source- 
precursors were converted into amorphous single-phase ceramics, with the exception of surface crystallization 
effects, at 1000 ◦C in NH3. Annealing in N2 at 1600 ◦C resulted in fully crystalline UHTCs. The powder samples 
revealed microstructures consisting of two characteristic regions, bulk and surface; displaying intrinsic micro
structure and phase composition differences. Instead of the expected nitrides, transition metal carbides (TMC) 
were detected upon high-temperature anneal. The residual carbon available in the system triggered a decom
position reaction, resulting in the formation of TMCs plus gaseous nitrogen and SiC. Experimental data underline 
that N-containing PDCs are prone to phase separation accompanied by thermal decomposition and diffusion- 
controlled coarsening.   

1. Introduction

Ultra-high temperature ceramics (UHTCs) have gained renewed
attention in the last decades due to their potential use as protective 
coatings on metal substrates in extreme environments [1–5]. By defi
nition, UHTCs are ceramic materials with melting points above 3000 ◦C 
[6,7]. Therefore, they are suitable candidates for thermal protection 
structures in gas-turbine engines or chemical plants, which can with
stand application temperatures exceeding ~1600 ◦C and aggressive 
environmental conditions [1,8–11]. In addition to their high melting 
point, UHTCs combine improved structural properties such as high 
hardness, excellent chemical stability, high Youngs modulus, high 
refractoriness, as well as high thermal and electrical conductivity [1, 
8–10,12]. UHTCs are typically binary compounds consisting of carbides, 
borides or nitrides of early transition metals (e.g. ZrB2, HfN, HfC or TaC) 
[7,8,12]. HfC and its solid solutions with TaC such as (Hf0.2Ta0.8)C are 

advanced structural ceramics, possessing the highest ever known 
melting points (Tm = 3940 ◦C) among all known refractory materials [7, 
9,13,14]. 

Despite their advantages, pure UHTCs lack of a sufficient oxidation 
resistance, limiting their practical applications [7,8,15]. To improve this 
property, silica-formers such as SiC, Si3N4 or silicides are used as addi
tives, as they form a silica-rich surface layer, which is protective up to at 
least 1700 ◦C [1,7,8,16–19]. A preparative route to achieve Si-based 
oxidation-resistant UHTCs has been followed via the 
polymer-to-ceramic route, which allows the development of multiele
ment polymer-derived ceramics (PDCs) [20–22]. In this preparative 
approach, metal-modified ceramic precursors are used to obtain tailored 
compositions and architectures for the so-called polymer-derived 
ceramic nanocomposites (PDC-NCs) [8,21]. In general, the synthesis of 
PDC-NCs can be rationalized as following: the crosslinked polymeric 
precursor is thermally converted into an amorphous single-phase 
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ceramic at temperatures between 300 ◦C and 1000 ◦C, followed by a 
heat-treatment at higher temperatures (<1500 ◦C), which induces phase 
separation and crystallization processes [23,24]. 

Extensive research was carried out to develop new oxidation- 
resistant Si-based matrix phases with dispersed nanosized secondary 
phases containing Hf, Ta and their solid solutions [3,7,25–32]. For the 
potential application as a protective coating on metal alloys, the PDC 
route is in particular beneficial, because it allows the preparation of 
thermal or environmental barrier coatings (TBC, EBC) due to the usage 
of several inexpensive liquid-phase deposition techniques such as dip-, 
spray-, and spin coating [1,5,33,34]. 

As shown in earlier studies, the solid-state microstructure and phase 

composition of PDCs strongly influence their high-temperature proper
ties [20,35–38]. Moreover, microstructural changes were observed in 
SiHfCO-based PDCs in surface-near regions (100–200 nm) and inner 
surfaces (local cracks), as compared to the bulk, in particular, when 
annealed at higher temperatures [39,40]. These microstructural varia
tions were induced by local changes in chemical composition, affecting 
diffusional processes and, in turn, the pronounced growth of HfO2 pre
cipitates close to the sample surface [39,40]. In addition to research on 
the silicon oxycarbide (Si-O-C) and silicon carbonitride (Si-C-N) sys
tems, Zhou et al. [25] incorporated Hf into a Si-N matrix at the molec
ular level. Therefore, a novel metal-modified nanocomposite ceramic 
was designed by the single-source precursor route, utilizing a 

Fig. 1. a) Possible reaction pathways during the synthesis of the single-source precursor between the polymer (PHPS) and the organo-metallic complex (M(NMe2)x), 
with M Hf, Ta and Me CH3; b) structural chemical formular of the organo-metallic dimethylamido complexes of hafnium (TDMAH) and tantalum (PDMAT). 

Fig. 2. Optical light microscope (LM) (a,b) and SEM-BSE (c,d) images of the as-pyrolyzed (1000 ◦C) and annealed (1600 ◦C) Si(Hf0.2Ta0.8)(C)N powder sample.  



commercial available perhydropolysilazane (PHPS) upon reaction with 
a hafnium-modified precursor (tetrakis-(dimethylamido)hafnium(IV) ¼
TDMAH) to achieve simple ternary Si-Hf-N ceramics [25]. Yuan et al. 
[27] also prepared Hf-based UHTC-NCs, however with small additions
of boron and studied their high-temperature oxidation behavior of
polymer-derived Si-Hf-B-C-N ceramic nanocomposites [41]. Wen et al.
[30] firstly reported on the incorporation of hafnium and tantalum in
the Si-C-N system on the atomic scale, forming nanosized solid solutions
(HfxTa1 x)CN embedded in a Si-based matrix phase. Moreover, the

synthesis of a metal-modified precursor containing solid solution metal 
carbide ((HfxTa1 x)C) remarkably increased the oxidation resistance via 
a surface passivation treatment prior to oxidation, which generated a 
silica surface layer [3]. Up to date, only few studies on the 
high-temperature microstructural characterization of non-oxide 
Si-based PDC-NCs containing Hf/Ta carbides/nitrides were reported 
[3,30]. The present study focuses on the microstructural evolution and 
high-temperature behavior of a novel Si(HfxTa1 x)(C)N PDC-NC (x = 0.2 
and 0.7). The phase composition and microstructural evolution were 
investigated upon pyrolysis at 1000 ◦C and compared to the micro
structures obtained upon high-temperature anneal at 1600 ◦C. X-ray 
powder diffraction (XRD), scanning- (SEM) and transmission electron 
microscopy (TEM) techniques as well as energy dispersive X-ray spec
troscopy (EDS) were employed for detailed structural and chemical 
characterization. 

2. Materials and methods

2.1. Synthesis of Si(HfxTa1 x)(C)N ceramics

Silicon-based preceramic polymers were used to synthesize PDCs in 
the Si(M)(C)N (M = metal) system via the polymer-derived ceramics 
synthesis route. Two polymer-derived ceramic nanocomposites Si(M)(C) 
N, (M = Hf, Ta), with a Ta:Hf molar ratio of 4:1(Ta0.8Hf0.2) and a Hf:Ta 
molar ratio of 7:3 (Hf0.7Ta0.3), were prepared via the polymer-to- 
ceramic transformation upon pyrolysis. 

The preparation of the single-source precursor of the Si(HfxTa1 x)(C) 
N ceramics with different molar ratios (x = 0.2; x = 0.7) was carried out 
under purified argon using the standard Schlenk technique. The ratio 
between the two transition metal compounds is given by x. Both pre
cursors were synthesized by the reaction of the perhydropolysilazane 
Durazane-2250 (PHPS, 20 wt.-% in di-n-butyl ether, Merck KGaA, Ger
many) with tetrakis(dimethylamido)hafnium(IV) (TDMAH, 99.99%, 
Sigma-Aldrich, USA) and pentakis(dimethylamido)tantalum(V) 
(PDMAT, 99.99%, Sigma-Aldrich, USA) at room temperature. The 
possible reaction pathways of the synthesis route are given schemati
cally in Fig. 1. 

The mass ratio of the transition metal complex to polymer was set to 
3:7 (metal complex = TDMAH + PDMAT). The synthesis of Si 
(Hf0.7Ta0.3)(C)N is taken as an example to describe the procedure in 
detail. 11.66 g of PHPS was dissolved in toluene (anhydrous, 99.8%, 
Sigma-Aldrich, USA) in a 250 ml Schlenk-flask with a magnetic stirrer. 
Then 0.7 g TDMAH and 0.34 g PDMAT dissolved in 10 ml toluene were 
added dropwise, and the solution was further stirred for 6 h. The solvent 
was removed to obtain a yellow-brown powder. This powder was 
crushed inside the glovebox in a clean agate pestle and mortar. The 
powder was then sieved, resulting in particle sizes below 100 µm. The 
powder was subsequently pyrolyzed at 1000 ◦C in flowing ammonia 
(NH3) atmosphere (1 bar) for 3 h to prepare a Si(Hf0.7Ta0.3)(C)N 
ceramic powder. The continuous flow of NH3 was utilized in order to 
remove the decomposition gases developing during pyrolysis of the 
system. 

Afterwards, annealing of the as-pyrolyzed ceramic powders was 
performed at 1600 ◦C in nitrogen (N2) atmosphere (1 bar) for 3 h, to 
investigate the resulting microstructure and to detect possible changes 

Sample TDMAH, PDMAT (metal:metal) 
molar ratio 

TDMAH+PDMAT 
:PHPS (metal:polymer) 
molar ratio 

Processing temperature 
in [◦C] 

Exposure time 
in [h] 

Gas atmosphere 

Si(Ta0.8Hf0.2)(C)N 4:1 3:7 1000  3 NH3 

Si(Ta0.8Hf0.2)(C)N 4:1 3:7 1600  3 N2 

Si(Hf0.7Ta0.3)(C)N 7:3 3:7 1000  3 NH3 

Si(Hf0.7Ta0.3)(C)N 7:3 3:7 1600  3 N2

Fig. 3. X-ray powder diffraction (XRD) pattern of Si(Ta0.8Hf0.2)(C)N (top) and 
Si(Hf0.7Ta0.3)(C)N (bottom) polymer derived ceramics showing the structural 
evolution after the thermal treatment; a) as-pyrolyzed at 1000 ◦C in NH3 at
mosphere; b) annealed at 1600 ◦C in N2 atmosphere. 

Table 1 
Synthesis parameter of the Si(HfxTa1−  x)(C)N-based powder samples analyzed in this study.  



in the present phase assemblage. Optical light micrographs (LM) and 
scanning electron microscopy (SEM) backscattered electron (BSE) im
ages in Fig. 2 show the powder samples before and after heat treatment 
of the synthesized Si(Hf0.2 Ta0.8)(C)N sample. 

All parameters used during the preparation of the as-pyrolyzed and 
heat-treated materials are given in Table 1, where the corresponding 
nomenclature of the prepared Si(HfxTa1 x)(C)N ceramics is listed. 

2.2. Materials characterization 

The as-pyrolyzed and heat-treated samples were structurally char
acterized by XRD, SEM, and TEM. XRD was performed on a STOE X-ray 
diffractometer (STOE & Cie GmbH, Darmstadt, Germany) with a Debye- 
Scherrer camera equipped with a Mo-Kα radiation source 
(λ = 0.7093 Å). The measured 2θ range was 5–45◦. Diffraction peaks 
were indexed using the Match! software. Scanning electron microscopy 
(SEM) was performed on a JSM-7600 F (JEOL Ltd., Tokyo, Japan) 
coupled with energy-dispersive X-ray spectroscopy (EDS) detector 
(Oxford Instruments, Abingdon, United Kingdom). Backscattered 

electron (BSE) and secondary electron (SE) images were taken at an 
acceleration voltage of 15 kV. EDS point measurements were taken at an 
acceleration voltage of 15 kV and a working distance (WD) of 8 mm. The 
beam size diameter was smaller than 2 nm. The acquisition time for each 
EDS point measurement was 30 s, the estimated relative error ~5%. 
Transmission electron microscopy (TEM) analysis were performed 
employing a JEM-2100 F microscope (JEOL Ltd., Tokyo, Japan) oper
ating at an accelerating voltage of 200 kV also equipped with an Oxford 
EDS detector. In addition, the selected area electron diffraction (SAED) 
technique was employed to gain crystallographic information and to 
identify the phase assemblage that formed upon pyrolysis and high- 
temperature anneal, respectively. 

To obtain electron transparency for TEM analysis, ceramic powders 
were mechanically crushed (pulverized) with a clean agate pestle and 
mortar in ethanol, followed by ultrasonication also in ethanol and 
placed on a lacy carbon gold grid. 

The pulverized powder was coated with a thin carbon layer to avoid 
sample charging under the incident electron beam. The use of TEM gold 
grids was required due to a peak overlap between the Lα lines of the 

Fig. 4. SEM-BSE (a,d) and -SE (b) micrographs of the Si(Hf0.7Ta0.3)(C)N powder sample pyrolyzed at 1000 ◦C in NH3 atmosphere, showing the powder particle 
surface with nanosized Hf-rich precipitates; c) EDS spectra of a Hf(Ta)C-rich precipitate (continuous blue line) and a second spectrum showing the Si(C)N-rich matrix 
phase (dashed red line) taken at the location indicated by an asterisk and a triangle symbol, respectively in d). 



transition metals Hf and Ta and the Kα line of copper (originating from 
the commonly used copper grids) in EDS. The differentiation between Hf 
and Ta is more conclusive, when instead of copper grids, gold grids were 
used. For elemental analysis, the L-lines of Hf and Ta were chosen 
instead of the M-lines, because of the peak overlap of the Si-K peak and 
the Hf-/Ta-M peaks. With respect to the observed precipitates formed 
upon pyrolysis/annealing the EDS data are rather close to the overall 
composition of the precursors. For the Hf-rich system, a variation of Hf: 
Ta ranging between 0.63:0.37 and 0.77:0.23 was measured, while for 
the Ta-rich system a Ta:Hf ratio ranging from 0.85:0.15–0.78:0.22 was 
detected. Therefore, in the following, the compositions of the respective 
nanosized crystallites are given in the molar ratios of the precursors: 
Hf0.7Ta0.3 and Ta0.8Hf0.2, respectively. 

It should be noted that, due to the pulverization of the powders for 
TEM analysis, the original microstructure of each powder particle was 
destroyed. Therefore, an additional preparation technique for SEM was 
necessary to verify the presence of different microstructural regions 
within the individual powder particles. After the initial pyrolysis and 

additional annealing steps, powder particles were embedded in an epoxy 
resin (SpeciFix-40, Struers, Copenhagen, Denmark). The usage of this 
cold epoxy resin prevented possible variation in microstructure caused 
by local heating. The preparation of the embedded powder particles 
then followed a standard ceramographic preparation technique with 
cutting, grinding, and polishing. 

3. Results and discussion

Microstructural results of either Ta-rich (Si(Ta0.8Hf0.2)(C)N) or Hf- 
rich (Si(Hf0.7Ta0.3)(C)N) polymer-derived ceramics were found to 
show in general very similar microstructural characteristics. Therefore, 
in the following, electron microscopy results are presented exemplarily 
for either the Hf-rich or the Ta-rich samples, since only the molar ratios 
of Hf versus Ta had been altered during the polymer synthesis. The 
presented results on the powder samples represent the material char
acterization in general, however, please note that there is no potential 
application for the powders per se, instead these materials are intended 

Fig. 5. TEM micrographs of the Si(Ta0.8Hf0.2)(C)N powder sample pyrolyzed at 1000 ◦C in NH3 atmosphere; a) TEM-BF image of the particle bulk; inset in a) is the 
corresponding SAED pattern; b) HR-TEM image of the amorphous bulk region with the inset of the EDS spectrum of this area. c, d) HR-TEM images of the surface 
region showing TMCN precipitation; inset in c) shows the SAED pattern with distinct diffraction rings indexed as (Ta0.8Hf0.2)CN. The inset in d) represents the EDS 
spectrum of the crystalline TMCNs. Regions where the EDS spectra were taken are indicated by an asterisk in a) and d). 



serve as protective coatings for high-temperature alloys. 

3.1. X-ray powder diffraction (XRD) analysis 

The X-ray powder diffractograms of the Si(HfxTa1 x)(C)N ceramics 
pyrolyzed at 1000 ◦C for 3 h are depicted in Fig. 3a. The patterns exhibit 
a pseudo-amorphous structure. The shape of the diffraction peaks from 
the 1000 ◦C powder samples is notably very broad. The pseudo- 
amorphous structure shows two wide humps around 17◦ and 30◦, 
which can be ascribed to (Hf,Ta)C(N) nanodomains in the ceramic 
material. XRD has a detection limit of ⁓1–2 vol%; therefore, identifi
cation of low-content and nanosized precipitates, which formed at an 
early stage of pyrolysis, is rather difficult with XRD [21]. However, 
high-resolution SEM and TEM imaging clearly revealed the presence of 
such nanocrystals at the surface of the powder particles (compare also 
Fig. 4 and Fig. 5). Fig. 3b presents the X-ray powder diffractogram of the 
sample after annealing at 1600 ◦C in N2. The pseudo-amorphous pattern 
has disappeared and sharp intensity reflections have developed. 
Annealing induces the crystallization of α-Si3N4 (PDF 41–0360), 
β-Si3N4(PDF 33–1160), β-SiC (PDF. 29–1129) and the solid solutions of 
the two transition metal carbides (Ta0.8Hf0.2)C and (Hf0.7Ta0.3)C, as 
shown in the XRD patterns of the 1600 ◦C powder samples given in 
Fig. 3b. The underlying reflections for (Hf0.7Ta0.3)C refer to HfC (PDF 
39–1491), whereas the reflections of (Ta0.8Hf0.2)C refer to TaC (PDF 
35–0801). 

Note that the unexpected formation of Ta/Hf carbides instead of 
nitrides at higher temperatures will be rationalized later in Section 3.3; 
compare also Fig. 9b and corresponding text. 

3.2. Microstructural analysis of as-pyrolyzed Si(HfxTa1 x)(C)N at 
1000 ◦C in NH3 

The SEM micrographs in Fig. 4 show the microstructure of the Si 
(Hf0.7Ta0.3)(C)N ceramics pyrolyzed for 3 h at 1000 ◦C in NH3 atmo
sphere for two different resolutions. Finely dispersed precipitates were 
observed on the surface of individual powder particles by high 
resolution-SEM (Fig. 4b,d). Secondary electron (SE) (Fig. 4b) and 
backscattered electron (BSE) images (Fig. 4d) clearly reveal the presence 
of nanoparticles on the surface of the ceramic particles. Grain sizes of 
these precipitates range from 5 to 50 nm and their morphology is nearly 
spherical (Fig. 4b). While the SEM-SE image in Fig. 4b provides infor
mation on the surface topography and the size of the nanoparticles, the 
SEM-BSE image in Fig. 4d highlights the chemical difference between 
the nanoparticles (white) and the underlying matrix phase (gray) due to 
its sensitivity to the atomic number (Z-contrast). The chemical analysis 
of the nanoparticles via EDS indicates an enrichment of Hf, (Ta), C and N 
(depicted by the continuous blue line in Fig. 4c). It should be noted that 
EDS measurements in SEM on nanosized crystallites suffer from the large 
interaction volume of the incident electron beam with the sample; 
therefore, resulting in deviations from the exact composition. Back
ground and/or underlying phases are also recorded within single EDS- 
point measurements. Thus, it is assumed that the rather strong N peak 
(Fig. 4c) emerges from the underlying matrix phase, which primarily 
comprises Si, N and C (dashed red line). 

The observations regarding small crystallites (nanoparticles) on the 
surfaces were confirmed during TEM analysis. TEM bright-field (TEM- 
BF) images reveal an interesting microstructure, containing two 

Fig. 6. SEM-SE (a-c) and SEM-BSE (d-f) images showing the microstructure of an individual powder particle of the Si(Ta0.8Hf0.2)(C)N sample upon 1600 ◦C 
annealing. Surface and bulk regions are displayed. Insets in (e) and (f) are EDS spectra originating from SiC and (Ta0.8Hf0.2)C, respectively. The positions of the EDS 
measurements are indicated by an asterisk in e) and f). 



distinctly different regions upon pyrolysis (Fig. 5). In the following, 
these two observed regions are considered as bulk and surface region of 
one initial powder particle. As already mentioned, the analyzed samples 
are powder samples. Therefore, every individual powder particle within 
the powder sample is defined as an individual system in this study. When 
studied by TEM, bulk regions reveal a featureless microstructure with a 
homogeneous amplitude contrast (Fig. 5a). The SAED pattern (inset in 
Fig. 5a), which exhibits a diffuse ring pattern in combination with the 
high-resolution TEM (HR-TEM) image (Fig. 5b), both indicate that these 
bulk regions are in fact amorphous. In contrast, the microstructure of the 
surface regions of the initial powder particle appears completely 
different. As already shown in the SEM micrographs in Fig. 4, the surface 
region shows small crystallites. The HR-TEM micrographs in Fig. 5c, 
d reveal nanosized crystallites ranging from 5 to 20 nm in the surface 
region, indicated by arrows. This size of the nanoparticles is slightly 
smaller than that observed by SEM, which is due to the specific region 
studied in TEM. Another reason for the small difference in the observed 
particle sizes could also be the different magnifications which are 

available in SEM vs. TEM. The SAED pattern originating from this region 
reveals distinct diffraction rings (inset in Fig. 5c), which is characteristic 
for the dispersion of crystalline nanosized particles. The ring-pattern 
could be indexed as a (Ta0.8Hf0.2)CN phase, indicating the formation 
of transition metal carbonitrides (TMCNs). 

The observed regions differ in their microstructure and local chem
istry. The insets in Fig. 5b,d indicate two EDS spectra giving the 
chemical compositions of the residual amorphous phase at the surface 
next to the TMCN precipitates shown here. The EDS spectrum of the 
amorphous area in Fig. 5b mainly shows intensities of Si, Hf, Ta, N, C 
and O. The EDS spectrum of the TMCN precipitates at surface regions 
(Fig. 5d) only contains Hf, Ta, C and N with a minor trace of O. Based on 
the chemical analysis in conjunction with electron diffraction, the pre
cipitation of nanosized TMCNs at the surface of individual powder 
particles is proven. 

TMCN-grain sizes at the surface and close to surface-near regions 
show a wide particle-size distribution, ranging from approximately 5 nm 
(Fig. 5d) to about 50 nm for the largest crystal size observed via SEM 

Fig. 7. TEM micrographs of a bulk region of the Si(Hf0.7Ta0.3)(C)N sample annealed at 1600 ◦C, showing the phase assemblage of beta-silicon nitride (β-Si3N4) and 
nanosized (Hf0.7Ta0.3)CN crystallites. TEM-BF images (a,b) with insets of EDS spectra of Si3N4 and (Hf0.7Ta0.3)CN. The exact location of each EDS measurement is 
indicated with an asterisk in a) and b). The SAED pattern in d) is obtained from β-Si3N4 oriented along [1–11] and corresponds to the HR-TEM image of β-Si3N4 
shown in c). 



(Fig. 4b). The samples pyrolyzed at 1000 ◦C showed the presence of a 
1–2 nm thin layer of segregated carbon around the transition metal 
carbonitrides (Fig. 5d). Such residual carbon existing as a carbon layer 
has been reported for similar PDC-related materials in the literature [30, 
32,42,43]. Regarding the amorphous bulk regions, also a small amount 
of carbon was detected by EDS as shown in the inset in Fig. 5b, indi
cating that the carbon phase is still incorporated within the glass 
network structure and has not yet undergone phase separation. From 
these results it can be inferred that the Si(HfxTa1 x)(C)N ceramic py
rolyzed at 1000 ◦C is composed of an amorphous Si-Hf-Ta-C-N-(O) host 
matrix with finely dispersed (HfxTa1 x)CN crystallites, mainly located at 
the surface of the powder particles. Note that in the amorphous bulk 
region a small amount of oxygen being incorporated during polymer 
processing; a well-known problem during PDC synthesis. Yuan et al. 
[27] reported on phase separation processes in Si-Hf-B-C-N-based ce
ramics starting at temperatures as low as 800 ◦C, similar results have
been published for the Si-Hf-C-O system [27,44].

In comparison, the two systems studied, developed a very similar 
micro/nanostructure upon pyrolysis at 1000 ◦C, with an amorphous 

bulk and the precipitation of transition-metal carbonitrides at the 
surface-near region. There is no obvious difference between the two 
material systems. 

3.3. Microstructural analysis of annealed Si(HfxTa1 x)(C)N at 1600 ◦C 
in N2 

The Si(HfxTa1 x)(C)N samples prepared upon pyrolysis at 1000 ◦C 
and annealed at 1600 ◦C for 3 h in N2 atmosphere were studied by SEM 
and TEM to assess the microstructure evolution. Annealing at 1600 ◦C 
leads to a fully crystalline ceramic material with well-established surface 
and bulk regions of the individual powder particles. These two micro
structurally different regions have already been observed in the pyro
lyzed sample, however in a much less pronounced state (Fig. 4 and 
Fig. 5). After annealing, bulk and surface regions (ranging between 200 
and 500 nm in thickness) exhibit differences in their phase assemblage 
and local chemistry, which is in particular noticeable in the grain-size 
distribution of the transition metal carbides (TMCs), which exclusively 
formed at high-temperature (Fig. 6). The SEM-SE and SEM-BSE 

Fig. 8. TEM images (TEM-BF, HR-TEM, SAED pattern and EDS spectra) of the surface region of Si(Ta0.8Hf0.2)(C)N annealed at 1600 ◦C, showing coarse (Ta0.8Hf0.2)C 
crystallites next to β-SiC. The dark and bright phases in (a) and (b) are TMCs and β-SiC, respectively; c) and d) reveal HR-TEM images of β-SiC and (Ta0.8Hf0.2)C both 
encapsulated by residual carbon; insets in (b), (c), and (d) show the corresponding SAED patterns and EDS spectra. 



micrographs in Fig. 6a-c and d-f, respectively, show the microstructure 
of an individual powder particle, mainly focusing on the surface region. 
The surface is characterized by a rough topography with rather coarse 
(Ta0.8Hf0.2)C grains. The bulk region (lower side part of the particle, see 
“bulk” in a and d) is composed of a dense and more homogeneous matrix 
phase, as indicated in Fig. 6a,d. Apart from the TMC crystallites, the 
previously amorphous surface regions are now crystallized to larger SiC 
grains (compare also Fig. 8b,c). 

The TEM-BF images in Fig. 7a,b depict a typical microstructure 
appearing in the bulk regions. At this high temperature, the initially 
amorphous bulk underwent crystallization and phase separation 
resulting in Si3N4 with small TMCN crystallites. Fig. 7a,b contain an 
inset of an EDS spectrum each. The EDS spectrum in Fig. 7a shows Si and 
N; the spectrum in Fig. 7b contains Hf, Ta, C and N. The HR-TEM image 
in Fig. 7c represents the phase assemblage in the bulk region, with beta- 
silicon nitride (β-Si3N4) and the embedded nanosized TMCNs. The SAED 
pattern in Fig. 7d shows silicon nitride oriented along the [1–11] zone 
axis. The Si3N4 grains compose the matrix phase and can be as large as 
1 µm in size, incorporating the nanosized (Hf0.7Ta0.3)CN particles which 
were first to crystallize. Therefore, via this crystallization process, the 
TMCNs are enclosed by the Si3N4. 

TEM-BF, HR-TEM, SAED and EDS spectra given in Fig. 8 show a 
typical microstructure of a surface region. Within these surface regions, 
silicon carbide (β-SiC) and coarse HfxTa1 xC grains with grain sizes up to 
200 nm are present. Transition metal carbides are depicted as dark 
grains in TEM-BF images (Fig. 8a,b). The HR-TEM images shown in 
Fig. 8c and Fig. 8d reveal that precipitates in surface-near regions are 
encapsulated by a thin carbon layer. The HR-TEM micrographs in 
conjunction with corresponding SAED patterns were employed to 
identify the crystalline phases β-SiC and (Ta0.8Hf0.2)C. As reported in 
literature, cubic HfC and TaC with rock-salt (NaCl) structure form solid 
solutions (i.e., HfxTa1 xC) [9]. The relationship between the lattice pa
rameters and the x-values obey Vergard’s law [2,9]. The standard lattice 
parameter of the stoichiometric HfC and TaC are 4.641 Å and 4.456 Å, 
respectively [45]. In addition to detecting TMCs, pure TaC was also 
confirmed, however rarely, within the phase assemblage of the Ta-rich 
powder sample as shown in Fig. 10d. 

Annealing at 1600 ◦C induced pronounced crystallization in both 
bulk and surface-near region. Compared to the systems obtained at 
1000 ◦C, the surface particle size strongly increased and additional gas- 
phase reactions, producing Si3N4 and SiC whiskers, altered the micro/ 
nanostructure. Depending on the system analyzed, the Ta-rich sample 

revealed slightly larger TMC particles which were also highly faceted, 
giving sharper XRD patterns (compare Fig. 3). Moreover, in the Ta-rich 
sample, precipitation of pure TaC was observed very rarely, as shown in 
Fig. 10. 

In the following we present a discussion on the evolution on the 
phase composition observed via SEM and TEM inspection, based on the 
literature. In the binary phase diagram reported by Gusev et al. [46], 
HfC and TaC form a continuous series of solid solution at temperatures 
exceeding 887 ◦C. As depicted in the phase diagram, there is a misci
bility gap at lower temperatures, which rationalizes the presence of pure 
TaC (Fig. 9a) in the Ta-rich sample. 

During TEM analysis, TM carbides instead of TM nitrides were found 
upon high-temperature anneal at 1600 ◦C. A possible explanation is the 
carbon availability within the system, because of remains of CH3 groups 
even after the pyrolysis, originating from the polymeric precursors 
TDMAH and PDMAT. Initially, it was expected that the majority of the 
organic methyl groups of the dimethylamido complex N(Me2)x with Me 
= CH3, were released during the transamination reactions between NH3 
and NMe2 (see also Fig. 1). Remaining methyl groups serve as the carbon 
source necessary for carbide or carbonitride formation. Yuan et al. [27] 
reported an explanation why carbides were found instead of nitrides 
using thermodynamics and the corresponding Ellingham diagram. As 
depicted in Fig. 9b, hafnium nitride phases plus segregated carbon 
decompose into hafnium carbide plus gaseous nitrogen at temperatures 
beyond 1500 ◦C [27,47] (Eq. 1). 

HfN(s)+C(s)→HfC(s)+ 1/2N2(g) (1) 

XRD data in combination with TEM analysis undoubtedly prove the 
presence of TM carbides instead of nitrides at 1600 ◦C. Although the 
Ellingham diagram suggests that TM nitrides should be thermodynam
ically stable at 1000 ◦C, Ta-, Hf-carbonitrides were observed in both 
samples. Even though the pyrolysis in ammonia atmosphere would favor 
TM nitride formation the higher carbon content in the amorphous bulk is 
responsible for the observed TMCN crystallization at low temperature. 

Both samples (Hf-rich and Ta-rich) annealed at 1600 ◦C in N2 at
mosphere showed amorphous free carbon at the surface regions 
(Fig. 10). HR-TEM micrographs revealed a thin carbon layer, encapsu
lating the TMC particles (Fig. 10b,d). This so-called carbon shell was 
found as a 2–5 nm thin rim around every carbide particle (as also 
observed in studies reported by Wen et al. [30]). Due to this frequently 
made observation of carbon layers at the surface of TMCN and TMC 
particles, it is assumed that surface-diffusion is the cause for the 

Fig. 9. a) Binary phase diagram of HfC and TaC showing a complete solid solution at high temperature and a miscibility gap below 887 ◦C (redrawn after Gusev et al. 
[46]). b) Ellingham diagram showing the temperature dependence of the change in the Gibbs free energy of the possible reaction of hafnium nitride plus free carbon 
decomposing into hafnium carbide plus gaseous nitrogen, occurring during HT annealing. The gray shaded area indicates the temperature range from pyrolysis at 
1000 ◦C to high-temperature anneal at 1600 ◦C. 
Diagram redrawn from Yuan et al. [27], data taken from Blum et al. [47]. 



formation of these thin carbon layers. 

3.4. Thermal decomposition reactions 

Solid solution precipitates (TMCs and TMCNs) vary in their grain 
size, depending on whether they are located in the bulk or in the surface 
region, investigated in the fractured and polished cross section of the 
powder aggregates (Fig. 7, Fig. 12). When (HfxTa1 x)CN is found in the 
bulk region, the TMCNs show relatively small grains of up to 50 nm 
upon pyrolysis at 1000 ◦C, the embedding host matrix around them 
consists of Si-Hf-Ta-C-N-(O). High-temperature anneal at 1600 ◦C re
sults solely in Hf-, Ta-carbide formation showing an increased particle 
size with a maximum diameter of approximately 500 nm, coexisting 
with β-SiC. The decomposition of Si3N4 is accompanied by the enhanced 
depletion of volatiles such as N2 at the surface (compare EDS data in 
Fig. 12). This commonly known thermal decomposition reaction [48], 
where solid Si3N4 decomposes and reacts with carbon to form solid SiC 
and gaseous nitrogen, is given in Eq. 2. 

Si3N4(s)+ 3C(s)→3βSiC(s)+ 2N2(g) (2) 

The thermal decomposition reaction (Eq. 2) is well known in liter
ature and tends to start at temperatures exceeding 1440 ◦C in N2 at
mosphere [48–51]. The thermal decomposition of Si3N4 in the annealed 
ceramics leads to an increased volume fraction of SiC in the surface 
region. It is assumed that the diffusion of the transition metals in surface 
regions (SiC-rich) is faster along amorphous carbon layers than the 
diffusion in the Si3N4-rich bulk. Consequently, since Si3N4 is still present 
in the bulk, it contains small TMCN precipitates, whereas in surface-near 
regions larger TM-carbides and large β-SiC grains are found. This 
decomposition reaction is undoubtedly one main reason for the 
observed different microstructural evolution of surface and bulk upon 
high-temperature anneal, which in fact is already initiated at pyrolysis 
temperature. 

3.5. Vapor-phase reactions 

Individual powder particles show surface regions with abnormal 
grain growth of Si3N4 and SiC. Columnar Si3N4 and whisker-like SiC 
crystallites with high aspect ratios were observed at the powder particle 

Fig. 10. TEM-BF micrographs of transition metal carbides observed in the Hf-rich Si(Hf0.7Ta0.3)(C)N (a,b) and Ta-rich Si(Ta0.8Hf0.2)(C)N (c,d) ceramic sample, 
annealed at 1600 ◦C in N2 atmosphere; amorphous carbon surface layers are found in both samples, encapsulating the TMC particles. Note that besides (HfxTa1− x)C 
also pure TaC precipitates, as depicted in d), were rarely detected. 



surface both in SEM and TEM analysis. They are assumed to emerge from 
local vapor-phase reactions during the high-temperature anneal 
(Fig. 11). 

The nitrogen atmosphere and the release of nitrogen at elevated 
temperature (decomposition of Si3N4) supports vapor-phase reactions, 
in particular, at the particle surface. This leads to a pronounced deco
ration of the outer particle surface with large idiomorphic Si3N4 grains 
and SiC whiskers (Fig. 11). Similar observations have been reported on 
SiCN- and SiCO-based PDCs [52–54]. 

3.6. Bulk/surface transition zone - diffusion phenomena and the influence 
of oxygen 

Due to the preparation technique involving grinding of the powder 
particles for the TEM analysis to achieve electron transparency, the 
original microstructure was destroyed in its integrity. In consequence, 
bulk and surface regions were hardly ever observed together within one 
fragment of the powder particle in the TEM. Thus, the transition zone 
between bulk and surface could not be imaged. Therefore, additional 
SEM analysis was performed on a cross-section of polished individual 

powder particles, to confirm the presence of a microstructural gradient 
between bulk and surface. Fig. 12 shows two SEM-BSE images, giving an 
overview of the macrostructure of a single powder particle of the 
annealed Si(Hf0.7Ta0.3)(C)N sample. TM particles are visible as white 
dots in the BSE images, especially near the particle surface. In Fig. 12a, a 
distinct increase in particle size of TM precipitates from the inner bulk 
towards the outer surface region can be identified. The TMCN particles 
within the bulk region are up to 50 nm in size, whereas in contrast, 
TMCs in surface-near regions can be as large as 500 nm in diameter 
(Fig. 12b). 

These variations in particle size seem to be a consequence of local 
chemical changes within the bulk and the surface-near region in each 
powder particle. To verify this, a distinct region of grain coarsening from 
bulk to surface was analyzed by EDS. Fig. 12b shows the SEM-BSE image 
of the transition zone and the selected region for EDS analysis. EDS point 
measurements were taken only in the gray matrix phase (not in the 
white TMCs) to gain information on the chemical changes in the tran
sition zone between bulk and surface, however, excluding the TMC 
precipitates as much as possible. The corresponding graph in Fig. 12c 
depicts the change in the relative concentration of Si, C, N, O, Hf, and Ta, 

Fig. 11. SEM-SE (a,d), SEM-BSE (c) and TEM-BF (b) micrographs of pronounced crystal growth at the particle surface of Si(Hf0.7Ta0.3)(C)N annealed at 1600 ◦C as a 
result of local vapor-phase reactions. Idiomorphic silicon nitride (Si3N4) crystals next to silicon carbide (SiC) whiskers are observed. 



when moving from the bulk to the surface region (from left to right). 
Two concentration profiles of C and N (circle and diamond symbol) 

show an inverse curve characteristic. The carbon content increases from 
bulk to surface, whereas the nitrogen shows the exact opposite behavior. 
These two profiles intersect at ⁓1.2 1.4 µm from the starting point of 
the EDS measurement. Compared to the SEM-BSE image in Fig. 12b, this 
matches exactly the transition zone between bulk and surface. This 
supports the observations made via TEM, where nitrogen is predomi
nantly present in the bulk region forming mainly silicon nitride. Carbon 
tends to concentrate in the surface regions, forming β-SiC and residual 
carbon layers. This observation can be explained with the thermal 
decomposition reaction of Si3N4, as described earlier in Section 3.4. 
Additionally, the oxygen concentration (triangle symbol) shows an in
crease from roughly 2 at% up to 8 at%, which is rather high for car
bonitridic PDCs. 

This finding of coarsening in combination with local changes in 
chemistry are comparable to experimental results reported in literature 
[39,40,55–57]. Kleebe et al. [40] described a similar coarsening 
behavior of HfO2 particles embedded within a polymer-derived SiHfCO 
matrix upon isothermal heat treatment at 1300 ◦C. The authors showed 
that a pronounced grain coarsening of hafnia at surface-near regions 
occurs due to a decreased carbon content in the area, leading to a higher 
diffusion coefficient of Hf in the silica matrix [40], resulting in an 

enhanced particle growth. They proposed a decomposition-coarsening 
model, explaining the observed particle size variations in Si-Hf-C-O 
polymer-derived ceramics. Anand et al. [55] described a 
diffusion-controlled coarsening of ZrO2 crystallites in a Si-C-N-O 
ceramic. Significant coarsening of nanoparticles was also reported by 
Sujith et al. [57], who showed that the coarsening of nanosized hafnia in 
Si-Hf-C-N-O can be explained by diffusion-controlled processes and local 
chemical variations. 

For the samples studied here, the oxygen content seems to modify the 
diffusivity of Hf and Ta in such a way that a distinct coarsening of TMCs 
in the surface-near regions is feasible. As shown in Fig. 12c, the oxygen 
concentration increases close to the particle surface. It is assumed that 
the oxygen content originates from the polymer synthesis process, rep
resenting an unwanted but common impurity. A faster elemental 
diffusion of Hf and Ta caused by an increased oxygen concentration, in 
conjunction with a decrease in nitrogen (decomposition of Si3N4) and 
the presence of amorphous carbon in surface-near regions, seems to lead 
to the observed TMC coarsening. 

3.7. Microstructural evolution from 1000 ◦C to 1600 ◦C 

The microstructural evolution of the Si(HfxTa1 x)(C)N system upon 
thermal treatment is schematically sketched in Fig. 13. The image shows 

Fig. 12. a, b) SEM-BSE micrographs of a cross-section of an individual powder particle (Si(Hf0.7Ta0.3)(C)N) annealed at 1600 ◦C with grain coarsening from inner 
bulk to outer surface regions; c) relative concentrations of C, N, O, Si, Hf and Ta in the matrix phase as measured by EDS. The concentrations of Si, C, N and O are 
clearly related to the grain coarsening and therefore depend on the distance to the surface. The (Hf0.7Ta0.3)C particle size distribution follows the C, N and O 
concentration profiles in a systematic manner: the particle size of the solid solutions increases in the surface-near region, where in particular the O content is 
increased, favouring both diffusion processes and grain growth. 



four individual powder particles, starting with the initially amorphous 
particle at T < 1000 ◦C and its stepwise crystallization upon heat 
treatment. The final microstructure of the particle relates to an 
annealing temperature of T > 1600 ◦C. 

Beginning with a featureless amorphous microstructure, the evolu
tion in the Si(HfxTa1 x)(C)N polymer-derived powder samples proceeds 
as follows upon heat treatment at 1600 ◦C in N2 atmosphere: based on 
the XRD data, the as-prepared sample is X-ray amorphous and consists of 
a single Si-Hf-Ta-C-N-(O) phase (Fig. 13a). SEM and TEM analysis reveal 
that the powder particles show an amorphous and featureless micro
structure in the bulk regions. In contrast, the surface regions reveal early 
crystallization of TMCN particles at 1000 ◦C (Fig. 13a). 

At 1600 ◦C, bulk and surface regions undergo a continuous crystal
lization process. The evolution of surface and bulk regions within the 
powder samples annealed at 1600 ◦C is further advanced as compared to 
the samples pyrolyzed at 1000 ◦C (Fig. 13b). The early crystallization 
state of the surface regions at 1000 ◦C now converts into a matrix con
sisting of SiC with larger crystalline TMC particles (Fig. 13b). The sur
face regions undergo a carbothermal decomposition reaction, where 
Si3N4 decomposes into SiC and gaseous nitrogen (Eq.1) (Fig. 13b). In 
contrast to the surface area, the bulk region is composed of large crys
talline Si3N4 grains with TMCNs embedded in them. In the interior of the 
powder particles, the decomposition of Si3N4 has not yet started. Hence, 
this crystallization/decomposition process is driven from the outside to 
the inside. In addition, the formation of (HfxTa1 x)C or (TaxHf1 x)C with 
their increased particle size at the surface is due to diffusion-controlled 
coarsening phenomena (Fig. 13b). At temperatures exceeding 1600 ◦C, a 
progression of the Si3N4 decomposition and further coarsening occurs, 
resulting in the thermodynamically stable phases of SiC and (HfxTa1 x)C 
(Fig. 13c). 

4. Conclusions

Ultra-high temperature ceramic (UHTC) powder samples of Si
(HfxTa1 x)(C)N composition were prepared by a single-source-precursor 
synthesis route. The microstructural evolution with respect to phase 
composition and crystallization behavior of this material class was 
characterized by XRD, SEM and TEM imaging including EDS analysis. 
Upon pyrolysis at 1000 ◦C, the obtained powder samples show early 

crystallization of transition metal carbonitrides (TMCNs), taking place 
in surface-near regions, while the bulk regions stayed predominantly 
amorphous. The unexpected formation of TM carbonitrides instead of 
nitrides could be rationalized by a higher amount of carbon (remaining 
CH3-groups) in the precursor which can react with for example (Hf,Ta)N 
forming (Hf,Ta)CN. The most important finding is the different micro
structural evolution of surface versus bulk. This characteristic micro
structure feature is even more pronounced upon annealing at elevated 
temperatures, i.e., annealing at 1600 ◦C. At this temperature, a thermal 
decomposition reaction is induced in which the matrix phase, consisting 
of Si3N4, decomposes into SiC and gaseous nitrogen. The TMCs show a 
pronounced grain coarsening in surface-near regions. While Si3N4 is still 
present in the bulk, SiC was exclusively observed in surface regions. 
Local changes in chemistry; i.e., different amounts of C, N and/or O in 
the amorphous bulk are suggested to affect the diffusion of the transition 
metals. This should lead to the increased TMC grain size, in particular, in 
the surface-near region with its higher oxygen content and where the 
amorphous carbon layers were observed. Local decomposition in 
surface-near regions and the corresponding TMC particle coarsening is 
an active and characteristic mechanism in the Si(HfxTa1 x)(C)N-based 
polymer-derived ceramics upon annealing; a process which always has 
to be taken into account, when high-temperature applications of this 
material class are considered. 
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Fig. 13. Schematic illustrating the phase evolution of Si(Hf,Ta)(C)N ceramics upon pyrolysis and subsequent high-temperature anneal. In a) it is shown that the bulk 
is mostly amorphous with minor crystallization of TMCNs in the surface-near region. In b) the phase evolution upon annealing at 1600 ◦C is shown where the bulk is 
composed of Si3N4 with small TMCNs embedded, while the surface region is characterized by larger TMC particles and SiC crystallites. The schematics in c) represent 
the assumed phase evolution at temperatures below 1000 ◦C and above 1600 ◦C. Note that no crystallization is expected at low temperature, while at high tem
perature there is no longer Si3N4 present. In d) the legend of the phases observed is given. 
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