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Abstract
Refractory metals like Hf and Nb have high hardness and melting points above 2000 °C which make them attractive
candidates for high-temperature applications. In this work it was investigated whether these metals can be used as
a basis for the development of metal-ceramic composite materials. Because of the tendency of the metals to form
carbide and nitride phases, a preceramic SiCN-precursor was chosen for the synthesis of the ceramic coating. During
pyrolysis a functionally graded intermediate layer consisting of metal carbide and nitride is formed by reaction with the
precursor elements, which also depends on the pyrolysis atmosphere used. Previous work indicates that the adhesion
between the precursor-derived ceramic coating and the metal is improved if such a layer is formed 1, 2. In this work
functionally graded layers were synthesised on substrates of hafnium and niobium using the polymer ABSE for the
reactive precursor coating and nitrogen respectively argon as the pyrolysis atmosphere. The resulting layer systems
were characterised by means of glow discharge optical emission spectroscopy, X-ray diffraction, electron microprobe
analysis, scanning electron microscopy and transmission electron microscopy.
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I. Introduction
Precursor ceramic technology has been intensively researched in recent decades. Starting with the synthesis of
phosphorous nitride from phosphorous nitride chloride 3
and SiO 2 from siloxanes 4 a wide range of preceramic
polymers for the synthesis of ceramics has been investigated. The work of Yajima et al. in the 1970s on non-oxide
silicon-based ceramics hasbeen the biggest influence on
the rising interest in preceramic polymers 5, 6. Owing to
the shrinking of the precursor during pyrolysis, precursor-derived ceramics (PDCs) have been limited to lowdimensional applications such as fibres 7, 8, thin films 9, 10
or as binder material in ceramic powders 11, 12. In order to
compensate for the volume change during the polymerceramic conversion, Greil et al. have developed the AFCOP (active-filler-controlled pyrolysis) process 13 – 15.
Filler materials in the precursor react with the gaseous
pyrolysis products and expand their volume to partially
or fully compensate for the shrinkage of the ceramic. Typically transition metals like titanium have shown a high
affinity for the reaction with the pyrolysis products 16 – 17.
This precursor route is an alternative approach to the development of quasi ductile composite materials like e.g.
CMCs 18 – 19. In this work advantage has been taken of the
reactivity of the transition metals hafnium and niobium
with the precursor elements to synthesise ceramic gradient layers on metal substrates. This was inspired by the
development of functionally graded materials (FGMs) 20,
which use gradient layers to achieve good adhesion between a ceramic layer and a metallic substrate. There is al*
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ready some evidence to suggest that an intermediate gradient layer is formed by diffusion of precursor elements
into the metal 21 – 24. To examine the formation of the gradient layers, substrates of hafnium and niobium were coated with a precursor and pyrolysed with different pyrolysis
parameters. Furthermore, the influence of a reactive pyrolysis atmosphere on the formation of the gradient layer was examined. The precursor for these experiments was
the ammonolysed bis(dichlormethyl)silylethane polymer
(ABSE) which is solid at room temperature and soluble
in non-polar solvents. The refractory metals chosen were
hafnium and niobium as these metals show a high affinity
to forming carbides and nitrides in the presence of carbon
and nitrogen.
II. Experimental
The preparation of the ABSE polycarbosilazane is performed by ammonolysis of bis(dichloromethyl)silylethane in toluene, which has already been described in
the literature 25, 26. A ceramic yield of 75 % has been determined for the ABSE precursor. The metal sheets of
hafnium, niobium and molybdenum were polished with
320 mm SiC paper and 3 lm diamond suspension to reduce
the arithmetic average roughness height to 0.1 – 0.2 lm.
After they had been polished, the samples were cleaned
with acetone in an ultrasonic bath for 15 min. The precursor was applied by dip-coating metal sheets into a
10 % solution of ABSE in toluene with a hoisting speed
of 1.94 mm/s to produce a polymer coating of about 1 lm
thickness, which yields a ceramic coating of about 0.5 lm
after pyrolysis 23. After they had been coated, the samples
were pyrolysed at 800, 1000 or 1300 °C with a heating
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rate of 3 K/min to analyse the temperature dependence of
the gradient layer formation. The minimum temperature
required to achieve complete ceramization of the ABSE
polymer is 800 °C. Also, diffusion rates below 800 °C have
proven to be too low to produce any significant gradient
layer. 1300 °C was chosen as the highest pyrolysis temperature as the ceramic layer already becomes very thin at this
temperature because all precursor elements start diffusing
into the substrate at this temperature 27. Argon was used
as an inert gas for pyrolysis, while N 2 gas (O 2 < 50 vpm)
with a flow rate of 200 ml/min was used as a reactive atmosphere to provide additional nitrogen for the formation of
the gradient layer. To investigate the time dependence, the
samples were pyrolysed at 1000 °C for 1, 10 or 100 h.
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Fig. 2: Thermogravimetric analysis of hafnium, niobium and
molybdenum samples under N 2 with a heating rate of 3 K/min.

(2) X-ray diffraction analysis

Fig. 1 shows the schematic model of the cross-section of
a coated and pyrolysed sample. After pyrolysis the SiCNlayer has a thickness of about 0.5 lm, the diffusion zone is
between 1 to 50 lm depending on the pyrolysis parameters.
After pyrolysis, nitride and carbide phases were identified with X-ray diffraction analysis (Seifert ID 3000,
CuK a). Depth profiling of the gradient layers was performed via glow discharge optical emission spectroscopy
(Spectruma GDA 750). Cross-sections of the samples
were prepared both by metallographic methods and with
focused ion beam etching. The cross-sections were examined with scanning electron microscopy (Carl Zeiss
1540EsB Cross Beam) and transmission electron microscopy (Carl Zeiss Libra 200 FE). The Carl Zeiss
1540EsB Cross Beam is based on cross beam technology and can use both electron and ion beams. The chemical
composition of the cross-sections was determined with a
JEOL JXA-8200 electron microprobe.

First, the compositions of the phases that were formed
in the gradient layer under different pyrolysis parameters
were determined. Most important was the investigation of
the influence of temperature and pyrolysis atmosphere on
the crystallographic phases formed in the diffusion zone.
As the ABSE precursor provides both carbon- and nitrogen-containing gaseous products, it is possible that either
carbides, nitrides or a mixture of both phases are formed.
The stoichiometric composition of the resulting carbide
and nitride phases was also of interest. The phase diagrams
of Hf-N, Hf-C, Nb-C and Nb-N give indications of the
phases that appear at a certain temperature during pyrolysis. However, the pyrolysis time might not be sufficient to
reach thermal equilibrium and thus for all phases that are
stable according to the phase diagram to be formed.
With X-ray diffraction analysis (XRD) all crystalline
phases present near the surface of the sample can be characterised. As the SiCN-layer is amorphous after annealing at temperatures below 1350 °C it cannot be detected by
diffraction methods. The angle-dependent mean penetration depth of the X-ray beam can be calculated from the
X-ray attenuation coefficient of the materials. Thus, the
information of the X-ray detection comes from a depth of
up to 5 – 10 lm in the selected materials, which is sufficient
to analyse the composition of the gradient layer.

III. Results and Discussion

(a) Hafnium substrates

(1) Thermogravimetric analysis
In a preliminary experiment the affinity of the metals to
reacting with nitrogen was examined with thermal gravimetric analysis (TGA) to see whether the samples would
react with gaseous nitrogen. Niobium nitride and hafnium nitride have high formation enthalpies of 326.0 resp.
369.4 kJ/mol, while molybdenum nitride has a very low
formation enthalpy of 70.0 kJ/mol. As shown in Fig. 2,
both hafnium and niobium show significant mass change
at temperatures above 1000 °C under nitrogen. Thus, the
thickness of the gradient layers in hafnium and niobium
can be increased by choosing nitrogen as the pyrolysis atmosphere. Molybdenum shows no reactivity with gaseous
N 2 as shown previously 27. Therefore, it was not included
in further investigations.

In Fig. 3a the X-ray diffraction signals are shown for
three hafnium samples coated with an ABSE layer of 1 lm
thickness that have been pyrolysed for 1, 10 and 100 h at
1000 °C under flowing nitrogen. It is evident that the gradient layer is only composed of nitride phases. According
to the hafnium-nitrogen phase diagram there are three stable nitride phases at this temperature, namely a-HfN 0.4,
g-Hf 3N 2 and d-HfN. The XRD measurements show that
d-HfN is only formed after annealing for more than 10 h.
Only after 100 h can all three phases that appear in the
phase diagram at this temperature be detected. The signal
of the pure hafnium phase (a-Hf) vanishes after pyrolysis
for 10 h, which indicates that the surface is nitrided at least
up to the penetration depth of the CuK a radiation, which
is about 7.5 lm in hafnium at an incidence angle of 50°.

Fig. 1: Schematic showing a cross-section of coated and pyrolysed
sample.
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Fig. 3a: X-ray diffraction measurements for ABSE-coated hafnium
samples after pyrolysis for 1, 10 and 100 h at 1000 °C under N 2
atmosphere.

Fig. 3b: X-ray diffraction measurements for ABSE-coated hafnium
samples after pyrolysis for 10 h at 800, 1000 and 1300 °C under N 2
atmosphere.
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by Williams et al., a certain transient period transpires after a new phase nucleates at an interface before it begins
growing 29. Because of this, the growth of the HfN and
Hf 3N 2 phases might not have begun forming yet after 10 h
of pyrolysis. After pyrolysis at 1000 °C the HfN phase
can be clearly detected, while the Hf 3N 2 phase still does
not appear in the diffraction pattern. After pyrolysis for
10 h at 1300 °C all three hafnium nitride phases that appear in the phase diagram can be found. The signals of Hf
and HfN 0.4 vanish from the diffraction pattern, which indicates that the gradient layer’s thickness is greater than
the penetration depth of the CuKa radiation in hafnium
nitride. The HfN and Hf 3N 2 phases combined now have
to exceed a thickness of 7.5 lm, which is also the average
penetration depth for CuKa radiation in hafnium.
Fig. 3c shows the results of the X-ray diffraction measurements for ABSE-coated hafnium samples that have
been pyrolysed for 10 h at 800, 1000 and 1300 °C under
an inert argon atmosphere. Most notable is the formation
of hafnium carbide under these conditions at all temperatures. The only hafnium nitride phase formed is HfN 0.4,
which is formed without phase transition. Thus it can be
concluded that the primary reaction with the hafnium substrate is with the free carbon that is formed during the pyrolysis of the ABSE precursor. HfC is the only known
stable hafnium carbide phase at this temperature 30. The
gaseous nitrogen species formed during the pyrolysis are
not sufficient to create HfN or Hf 3N 2. This result shows
that the metal primarily reacts with carbon created during
pyrolysis and to a lesser extent with the nitrogen in the precursor. If there is a sufficient supply of nitrogen from the
atmosphere, the reaction of nitrogen suppresses the formation of carbides, and instead nitride phases are formed.
Finally, it must be noted that at 1300 °C a hafnium silicide
phase is formed by reaction of the silicon content in the
precursor with the hafnium substrate. Therefore, it has to
be expected that the precursor layer starts disappearing at
this temperature as all of its elements start to diffuse into
the substrate.

(b) Niobium substrates

Fig. 3c: X-ray diffraction measurements for ABSE-coated hafnium
samples after pyrolysis for 10 h at 800, 1000 and 1300 °C under Ar
atmosphere.

Fig. 3b shows the phases formed after pyrolysis for 10 h
at 800, 1000 and 1300 °C. It can be seen that after pyrolysis at 800 °C the gradient layer consists mostly of HfN 0.4.
The signals of the HfN and Hf 3N 2 phases are not detectable, although these phases should have been formed
at this temperature according to the phase diagram of HfN 28. Either these phases have a thickness of only a few
100 nm or they are not formed at all yet. As was observed

It is expected that niobium behaves similarly to hafnium as these elements share their affinity to carbon and nitrogen. As can be seen from Fig. 4a, niobium forms exclusively nitride phases after pyrolysis for 1, 10 and 100 h
at 1000 °C under nitrogen atmosphere. The Nb 4N 3 phase
can only be detected after 100 h of pyrolysis. This can be
compared to the formation of the Hf 3N 2 phase on the
hafnium substrate, which also takes significantly longer
than 10 h to appear in the gradient layer. Analogous to
the hafnium substrate, the carbon formed in the precursor during pyrolysis does not react with the metal under
nitrogen atmosphere. The supply of nitrogen suppresses
the formation of carbides and only nitride phases can be
found in the gradient layer.
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Fig. 4a: X-ray diffraction measurements for ABSE-coated niobium
samples after pyrolysis for 1, 10 and 100 h at 1000 °C under N 2
atmosphere.
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Nb 1-x phase is formed at temperatures above 1100 °C instead of the NbN and Nb 4N 3 phases 31. The reason why
the Nb 4N 3 phase can still be found after pyrolysis at
1300 °C is that the transformation from the NbN 1-x phase
to the Nb 4N 3 phase during cooling is a quasi diffusionless
process that occurs very fast 30.
Fig. 4c shows the X-ray diffraction patterns of ABSEcoated niobium samples pyrolysed for 10 h at 800, 1000
and 1300 °C under inert argon atmosphere. Just as in
the hafnium samples, the formation of carbide phases
is favoured over the formation of niobium nitride under
an inert atmosphere. After pyrolysis at 1300 °C the Nb 2N
phase can be detected, while carbide phases can be found
at lower temperatures. Also the silicon from the precursor
starts reacting with the niobium substrate at 1300 °C to
form silicide phases.
Summarizing these XRD investigations it can be clearly seen that both substrates show comparable results with
regard to the formation of the gradient layer. Under nitrogen atmosphere only nitride phases are formed and the
reaction of the free carbon in the ABSE precursor is suppressed by the supply of gaseous nitrogen. When an inert atmosphere is used, the main reaction is between the
free carbon formed during pyrolysis of the precursor and
the metal. Also at 1300 °C the silicon from the ABSE layer starts reacting with both the hafnium and the niobium
substrate.
(3) GDOES analysis

Fig. 4b: X-ray diffraction measurements for ABSE-coated niobium
samples after pyrolysis for 10 h at 800, 1000 and 1300 °C under N 2
atmosphere.

In order to analyse the depth-dependent chemical composition of the diffusion zones where the gradient layers
are formed, the samples were analysed with glow discharge optical emission spectroscopy (GDOES). With
GDOES analysis, the gradient of the different elements
in the diffusion zone where the gradient layer is formed
can be measured with good depth resolution. The quality of the element quantification depends significantly on
the calibration standards used to calibrate the GDOES.
Specifically for light elements, like carbon, nitrogen and
oxygen, conductive calibration samples with more than
5 – 6 wt% are unavailable, so the results for these concentrations are much less reliable than for values below
5 – 6 wt%.
(a) Hafnium substrates

Fig. 4c: X-ray diffraction measurements for ABSE-coated niobium
samples after pyrolysis for 10 h at 800, 1000 and 1300 °C under Ar
atmosphere.

Fig. 4b shows the composition of the gradient layer of
an ABSE-coated niobium sample after pyrolysis for 10 h
at 800, 1000 and 1300 °C under nitrogen atmosphere. The
formation of the Nb 4N 3 phase can be observed after pyrolysis at 1300 °C, while only two different nitride phases (NbN and Nb 2N) are formed at 800 and 1000 °C. Additionally, the phase transition from NbN and Nb 4N 3
to NbN 1-x can be observed in the XRD patterns. The

Fig. 5a shows the result of the GDOES measurement
of an ABSE-coated hafnium sample pyrolysed for 10 h
at 800 °C under nitrogen atmosphere. It can be seen that
both nitrogen and carbon are diffusing into the gradient
layer. The thickness of the SiCN-layer was estimated by
determining at which value the silicon concentration has
dropped to 50 % (Si 50%) of the maximum concentration
Si max.
The elemental analysis of an ABSE-coated hafnium sample after pyrolysis for 10 h at 1000 °C under nitrogen atmosphere is shown in Fig. 5b. The diffusion zone consists
almost entirely of nitrogen and hafnium, which correlates
with the XRD measurements, in which only hafnium nitrides were found. This is even more evident for the sample
pyrolysed at 1300 °C (see Fig. 5c).
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When the hafnium sample is pyrolysed under an inert
argon atmosphere the diffusion layer is much thinner as
it is now only composed of the species in the precursor
that react with the substrate. Fig. 5d shows the result of
the GDOES analysis of a coated sample after pyrolysis
for 10 h at 1000 °C under argon atmosphere. In this sample
the concentration of carbon in the gradient layer is much
higher than the concentration of nitrogen. As expected,
the main reaction between the precursor and the metal
substrate is due to the diffusion of free carbon formed in
the precursor during its transformation from the polymer
to the ceramic state.
Fig. 5a: GDOES measurement for ABSE-coated hafnium sample
after pyrolysis for 10 h at 800 °C under N 2 atmosphere.

(b) Niobium substrates

Fig. 5b: GDOES measurement for ABSE-coated hafnium sample
after pyrolysis for 10 h at 1000 °C under N 2 atmosphere.

The niobium samples have been pyrolysed with the same
parameters as the hafnium samples discussed in the previous section. The niobium samples pyrolysed for 10 h
at 1000 resp. 1300 °C under nitrogen atmosphere show
that the gradient layer is formed primarily by diffusion of
nitrogen into the niobium substrates (Figs. 6a and 6b). Almost no carbon can be detected in the diffusion zone,
which is in accordance with the XRD measurements,
where only nitride phases were found in these samples.
The reaction between the precursor and the metal also
shows similarities to the hafnium substrates. Only carbon
is found in the gradient layer after pyrolysis under inert
argon atmosphere for 10 h at 1000 °C (Fig. 6c), which confirms the XRD measurements, in which only carbide phases were found in this sample.

Fig. 5c: GDOES measurement for ABSE-coated hafnium sample
after pyrolysis for 10 h at 1300 °C under N 2 atmosphere.

Fig. 5d: GDOES measurement for ABSE-coated hafnium sample
after pyrolysis for 10 h at 1000 °C under Ar atmosphere.

Fig. 6a: GDOES measurement for ABSE-coated niobium sample
after pyrolysis for 10 h at 1000 °C under N 2 atmosphere.

Fig. 6b: GDOES measurement for ABSE-coated niobium sample
after pyrolysis for 10 h at 1300 °C under N 2 atmosphere.
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Fig. 6c: GDOES measurement for ABSE-coated niobium sample
after pyrolysis for 10 h at 1000 °C under Ar atmosphere.
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Fig. 8: Electron microprobe analysis of the nitrogen content in the
diffusion zone of an ABSE-coated niobium sample after pyrolysis
for 10 h at 1300 °C under N 2 atmosphere.

(4) Electron microscopy
(a) Scanning electron microscopy
To examine the diffusion zone with scanning electron
microscopy, a cross-section through the surface was prepared by etching the sample with a focused ion beam (FIB).
The composition within the diffusion zone was imaged
with the back scatter electron (BSE) detector. Fig. 7 shows
the BSE image of a cross-section through an ABSE-coated niobium sample pyrolysed for 10 h at 1300 °C under
nitrogen atmosphere. The two different phases NbN and
Nb 2N can be distinguished very well. Analysis with energy-dispersive X-ray analysis (EDX) point measurements
confirmed that the two phases found in the diffusion zone
are NbN 1-x and Nb 2N.

Fig. 7: Back scatter image of cross-section through an ABSE-coated
niobium sample after pyrolysis for 10 h at 1300 °C under N 2 atmosphere.

(c) Transmission electron microscopy
A thin cross-section of an ABSE-coated niobium sample pyrolysed for 10 h at 1000 °C under nitrogen atmosphere was created with the focused ion beam technique
to be analysed in a transmission electron microscope. The
different phases in the gradient layer can be seen in a scanning transmission electron microscope image (Fig. 9). By
using electron diffraction the phases can be clearly identified. Five electron diffraction patterns were made of each
phase (Fig. 10) and indexed using the program JEMS 32.
The phases present in the diffusion zone, NbN, Nb 4N 3
and Nb 2N, are in accordance with the composition of the
Nb-N phase diagram at 1000 °C.

Fig. 9: STEM picture of the diffusion zone in a niobium sample after
pyrolysis for 10 h at 1000 °C under N 2 atmosphere.

IV. Conclusions
(b) Electron probe micro-analysis
In order to characterise the chemical composition of
the cross-section more accurately, electron probe microanalysis (EPMA) was used. EPMA combines wavelengthdispersive X-ray analysis (WDX) with energy-dispersive X-ray analysis for a much higher accuracy than can
be obtained with EDX alone. Fig. 8 shows the nitrogen
content in the gradient layer of a niobium sample pyrolysed for 10 h at 1300 °C under nitrogen atmosphere.
The weight percentages correlate with the composition
of the Nb 1-x phase (47 – 42 wt%) and the Nb 2N phase
(35 – 31 wt%) given in the Nb-N phase diagram.

Gradient layers consisting of nitrides and carbides have
been synthesised on transition metal substrates via reactive precursor coating. The pyrolysis temperature has
been varied between 800, 1000 and 1300 °C, the pyrolysis time between 1, 10 and 100 h, and the atmosphere
altered between flowing nitrogen and argon. The layers
were characterised by means of X-ray diffraction, glow
discharge optical emission spectroscopy, scanning electron microscopy, transmission electron microscopy and
electron microprobe analysis. The influencing parameters
such as time, temperature and pyrolysis atmosphere have
been investigated.
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A gradient layer consisting of nitrides on hafnium and
niobium could be synthesised at all three temperatures under nitrogen. The nitrogen from the atmosphere proved
to be the primary factor for the development of the gradient layer. Under argon atmosphere the gradient layer was
composed of carbides owing to diffusion of carbon from
the SiCN-layer into the metal. As the supply of carbon
was limited to the carbon source in the precursor coating,
these layers were significantly thinner than the gradient
layers obtained under a reactive nitrogen atmosphere. At
1300 °C, silicon from the SiCN-layer reacts with the metal
to form silicides, thus reducing the thickness of the ceramic layer.
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