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is additionally restricted by oxidation and 
corrosion. At such high temperatures, the 
formation of a chromia passivating layer 
slows down these adverse effects. However, 
its rapid degradation due to the depletion 
of chromium at above 950 °C and the risk 
of spallation of the protective oxide scale 
upon thermal cycling reduce their service 
life. Yearly, the global impact of corrosion 
is estimated to be US$ 2.5 trillion, equiva-
lent to 3.4% of the global gross domestic 
product of 2013. The implementation of 
corrosion control practices could repre-
sent savings between 15% and 35%. In 
addition, by enabling an extended service 
life of these alloys at higher temperatures, 
increased thermal efficiencies and reduced 
maintenance costs are achievable.[1–7]

Within this scope, the deposition of 
silicon-based coatings is an efficient 
approach to increase the oxidation and 
corrosion resistance of alloys at high tem-
peratures, which are commonly depos-
ited by intricate methods as chemical 
and physical vapor deposition.[8–16] In 
contrast, the polymer derived ceramics 

(PDC) route enables the application of silicon-based precur-
sors (e.g., silazanes, siloxanes, and carbosilanes) as coatings 
by simple polymer processing methods such as dip-,[11–13] 
spray-,[16,17] or spin-coating.[18] These coatings are thermally 
treated to induce their cross-linking into thermosets, followed 
by their conversion into amorphous ceramics at temperatures 
above 400  °C.[15,19,20] Among the suitable precursors for the 
processing of coatings, silazanes stand out because of their 
commercial availability, high ceramic yield, and strong adhe-
sion to most substrates. Their outstanding oxidation and cor-
rosion performance rely on the formation of a slow growing 
SiO2-scale, known for the lowest oxygen permeability among 
the simple oxides.[21] The main drawback of the PDCs is related 
to the polymer to ceramic transition, which is accompanied 
by an increase in density and leading to a volume shrinkage 
exceeding 50%.[19,22] Therefore, the critical thickness of unfilled 
coatings is less than 3.5  µm.[11,12,23] Nevertheless, only 1  µm 
thin Durazane 2250 (perhydropolysilazane) coatings are already 
capable of protecting stainless steel substrates against oxidation 
up to 10 h at 1000 °C in air.[12]

However, H2O(v) and CO2 are main products of combustion 
and may also act as primary oxidants. In such environments, 
the faster permeation of water vapor through Si-based films 
when compared to molecular oxygen is capable of intensifying 

The rapid permeation and degradation of silazane-based coatings by water 
vapor limit their application in combustion environments. Hence, this work 
reports on the reaction of the oligosilazane Durazane 1800 with an appro-
priate Yb-complex by a molecular approach and its application as protec-
tive thin coatings (1.2 µm) for AISI 304 in comparison with the benchmark 
Durazane 2250 in combustion-like environments. Fourier transform infrared- 
and nuclear magnetic resonance-spectroscopy elucidate the reaction mecha-
nism and the chemical structure of the resulting Yb-modified silazanes, 
whereas elemental and X-ray diffractometry analyses confirm the formation 
of crystalline β-Yb2Si2O7 and SiO2 after pyrolysis at 1000 °C in air. Energy dis-
persive spectroscopy and X-ray photoelectron spectroscopy profile analyses 
show the enhanced diffusion of Fe, Cr, and Mn from the substrate into the 
Yb50 coating, which is responsible for a better adhesion (23.7 MPa), scratch 
tolerance (38 N), and a decreased coefficient of thermal expansion-mismatch 
to the substrate, resisting 9 thermal cycles between 1000 and 20 °C. Despite 
the low Yb-silicate content (6.8 wt%), only minor damage is caused to the 
Yb50 coating after wet oxidation in moist flowing air (1000 °C for 15 h), 
whereas the Durazane 2250 coating spalled-off. This is a clear indication 
of the potential of the Yb2Si2O7-containing coatings to protect metals and 
ceramics in extreme combustion environments.
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1. Introduction

Chromia forming alloys (e.g., stainless steels and nickel-based 
superalloys) are widely used as structural materials for aircrafts, 
industry, and military. More specifically in extreme combus-
tion environments (e.g., gas turbines and exhaust lines), where 
the service temperature can exceed 1000  °C, their application 

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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the effects related to oxidation of chromia forming alloys.[1,7,24,25] 
Moreover, the rapid degradation of silazane-based coatings by 
hot gas corrosion at temperatures above 1200  °C due to the 
formation of volatile Si(OH)4 represents an upper limit for their 
application.[21,24,26,27]

It has already been proven that the SiO2-activity in rare-
earth silicates is strongly reduced upon exposure in water 
vapor containing environments up to 1400 °C.[17,28–31] Especially 
ytterbium silicates are well suited in these extreme conditions 
due to their enhanced stability and reduced number of poly-
morphs.[32,33] Thus, a suitable approach to increase the stability 
of silazanes in extreme combustion environments should be 
the addition of selected elements from the lanthanides series.

The chemical reactions of different metal compounds based 
on Cu, Fe, Pd, Ti, and Hf with silazanes were comprehensively 
described. The use of suitable metal complexes ensures a very 
homogeneous distribution of these elements on an atomic level 
in the resulting metal modified polymer and subsequently in 
the ceramic after pyrolysis. Depending on the metal, the pre-
cursor ratio, pyrolysis temperature, and atmosphere, the forma-
tion of the respective metals or their oxides, carbides, silicides, 
nitrides, and silicates was reported.[34–42]

Therefore, our goal was to increase the stability of silazane-
based coatings against hot gas corrosion in combustion envi-
ronments by modifying the oligosilazane Durazane 1800 with 
ytterbium in order to yield ytterbium silicates upon pyrolysis in 
air. In this work, the reaction mechanism between a new Yb-
complex (Yb(ApTMS)3) with polysilazanes is explored in details 
as well as their conversion to ceramics. Thereafter, Yb-modified 
polysilazane coatings were applied onto AISI 304 and compared 
to the benchmark silazane Durazane 2250. The best resulting 
coatings were tested against oxidation in dry and wet atmos-
pheres up to 1000  °C, simulating combustion environments. 
Although the discussion of the results is limited to 1000  °C, 
the obtained Yb2Si2O7 phase should increase the stability of 
silazane-based ceramic coatings against hot gas corrosion, thus 
enabling their use at temperatures above 1200 °C.

2. Results and Discussion

2.1. Synthesis and Characterization of the Ytterbium-Modified 
Polysilazanes

In previous publications from our group and Kempe et al. the 
modification of polysilazanes using suitable metal complexes 
with aminopyridinato ligands was investigated.[36,37,39,40] The 
same strategy was used in the present work considering ytter-
bium. Various samples with different contents of Yb were synthe-
sized. Elemental analysis was performed with the sample Yb50 
to confirm the reaction and the targeted Si to Yb ratio (Table 1). 
The determined chemical composition (SiC2.13N1.26Yb0.02O0.05)  
is close to the theoretical values (SiC1.4N1.1Yb0.02). The very low 
oxygen content indicates that the synthesis was well performed 
under inert conditions. The Si to Yb ratio in the final sample 
is in accordance with the targeted value fixed for the syn-
thesis, whereas the higher amounts of carbon and nitrogen are 
attributed to the presence of residual aminopyridinato ligands 
(ApTMSH) ligands.

In order to investigate the influence of the modification with 
different amounts of Yb on the chemical structure of Durazane 
1800, the Fourier transform infrared (FTIR) spectra of the 
different synthesized precursors (Yb100 to Yb10) were recorded 
(Figure 1).

Several bands arising from the chemical groups of Durazane 
1800 are noticed in all samples: stretching vibrations of 
NH bonds at 3379 cm–1, stretching of CH bonds at 3044, 
2956, and 2894  cm–1, stretching of SiH bonds at 2127 cm–1,  
deformation of CH bonds in SiCH3 at 1253 cm–1, and 
stretching of SiN bonds at 891 cm–1. The absorption band at 
3044 cm–1 is attributed to the vibration of CH bonds in vinyl 
groups and remains unchanged in all spectra showing that these 
groups are not involved in the reaction. While increasing the 
amount of Yb incorporated into the polymer, absorption bands 
arising from the ligands become predominant (1600–500 cm–1  
in the spectra). This is due to the increasing amount of the 
released ApTMSH ligands from Yb100 to Yb10 during synthesis 
(Figure  20, Experimental Section), which were not removed 
from the mixture.

Figure 1 also shows that the absorption band of SiH bonds 
remains unchanged, even at high Yb contents (Yb10). An expla-
nation would be that the fixation of Yb preferentially involves 

Table 1.  Elemental analysis of Durazane 1800 and Yb50 before and after 
pyrolysis at 1000 °C in air.

Sample Composition [mol%] Empirical 
formulaSi C N O Yb

Durazane 1800*[46] 28.57 40.00 31.43 – – Si C1.4 N1.1

Durazane 1800 
(1000 °C, air)[20]

30.86 35.93 22.10 11.11 – Si C1.16 N0.72 
O0.36

Yb50* 22.46 47.82 28.19 1.17 0.36 Si C2.13 N1.26 
O0.05 Yb0.02

Yb50* (theoretical) 25.60 46.86 27.06 0 0.48 Si C1.4 N1.1 Yb0.02

Yb50 (1000 °C, air) 32.99 2.34 0.55 63.57 0.55 Si C0.07 N0.02 
O1.93 Yb0.02

*—Polymer state

Figure 1.  FTIR spectra of Durazane 1800, and different Yb-modified poly-
silazanes (Yb100, Yb50, Yb25, and Yb10).
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NH groups, in agreement with the work of Glatz et al.[37] Nev-
ertheless, the absorption band related to these groups seems to 
remain unchanged after reaction, since the release of ApTMSH 
leads to the formation of new NH bonds, thus influencing the 
detected intensity. FTIR analysis of ML-Yb10 (see Section 4.3) 
did not provide substantial information concerning the reac-
tion mechanism. However, the absorption bands arising from 
the ligands were still available, indicating a partial reaction of 
the ytterbium complex with the silazane during synthesis. To 
confirm these results, solid state nuclear magnetic resonance 
(NMR) analyses were performed with this sample (Figure 2).

The 13C CP MAS NMR spectrum of the Yb-complex 
(Yb(ApTMS)3) exhibits a major signal at −0.9 ppm arising from 
Si(CH3) and a signal around 20 ppm attributed to CH3 groups. 
Moreover, signals around 130 ppm confirm the presence of aro-
matic carbon atoms, which is in accordance with the theoretical 
chemical formula. The 29Si MAS NMR measurement detected a 
single signal at −107 ppm, which can only arise from the SiC3N 
unit present in the ligand. The 13C CP MAS NMR spectrum 
recorded for ML-Yb10 shows a predominant signal at −2.2 ppm 
associated to CH3 groups, but also signals that arise from aro-
matic carbons. The 29Si MAS NMR spectrum exhibits a very 
broad signal between 10 ppm and −30 ppm, which can be asso-
ciated to the presence of different units of the type SiCxNyHz 
(x + y + z = 4).[43–45] The broadness of the signal can be linked 
to the amorphous character and the higher molecular weight of 
the polymer. A similar signal as detected for the Yb-complex is 
also present at −109 ppm, which confirms that not all ligands 
are participating in the reaction. A reason for this could be the 
steric hindrance of further reactions after the substitution of 
the first ligand. Since no other signal was detected by the 29Si 
MAS NMR, it can be assumed that no ytterbium is present in 
the near chemical environment of silicon. Such chemical con-
figuration could lead to peaks at lower frequencies, however no 
example was found in the literature. The NMR results are in 
good accordance with the previous IR measurements.

Thermogravimetric analyses (TGA) of the of the resulting 
modified precursors from Table 5 (Experimental Section) con-
firms that the reaction of the Yb-complex with Durazane 1800 
affects its pyrolysis behavior and the final ceramic yield up to 
1000 °C in air (Figure 3).

The typical polymer to ceramic conversion of Durazane 1800 
is characterized by the release of volatile oligomers, ammonia, 
hydrogen, and methane up to 750  °C. The incorporation of 
oxygen occurs by the substitution of the SiN and SiH bonds 
of the oligosilazane to form SiOSi bridges during pyrolysis 
in air, thus increasing its degree of cross-linking. The higher 
degree of cross-linking hinders the evolution of volatile low 
molecular weight oligomers during pyrolysis, increasing the 
ceramic yield, and influencing the final ceramic composition. 
Motz et  al. report the formation of an amorphous ceramic 
with the elemental composition of SiC1.16N0.72O0.36 and 82 wt% 
yield at 1000 °C,[20] in good agreement with our measurement. 
Still from Figure  3, an increased mass loss is detected with 
increasing Yb content. This change is mainly due to the first 
stage of the ceramic conversion at temperatures below 200 °C. 
In regard to Durazane 1800, the lowest Yb-content (Yb100) has 
only little influence on the pyrolysis behavior and the ceramic 
yield, whereas the mass loss is significantly increased for Yb50 
(20 wt%) and Yb25 (31 wt%). FTIR analysis of Yb10 exposed to 
air at 110  °C and different times (Figure 4) supports that this 
result is due to the release of the aminopyridinato ligands.

Figure 2.  Solid state 13C CP MAS NMR and 29Si MAS NMR spectra of the 
Yb-complex and of the Yb-modified Durazane 1033 ML-Yb10. Figure 3.  Thermogravimetric analyses of Durazane 1800 and the Yb-mod-

ified polysilazanes in air up to 1000 °C and heating rate of 5 K min–1 (all 
samples contained 3 wt% DCP).

Figure 4.  FTIR spectra of ApTMSH and Yb10 after annealing at 110 °C in 
air and different times.
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As the exposure time of Yb10 at 110 °C in air increases, the 
bands arising from ApTMSH (especially at 1600–1100 cm–1) 
decrease in intensity, indicating its elimination. At the same 
time, the intensity of the asymmetric SiOSi band (approxi-
mately 1016 cm–1) increases upon the substitution of the NH 
and SiH bonds,[20] respectively at 3379, 1165, and 2127 cm–1,  
thereby increasing the degree of cross-linking of the  
Yb-modified precursors at already low temperatures. The 
elemental composition of the Yb50 ceramic in Table 1 confirms 
the remarkable influence of the modification of Durazane 1800 
with Yb on its pyrolysis behavior in air.

The pyrolysis of Durazane 1800 in air induces the incorpo-
ration of oxygen in the material and leads to the formation of 
a SiCNO ceramic. Both C and N contents are reduced in the 
ceramic due to the release of oxidation products during the 
polymer to ceramic conversion. Nevertheless, the reaction of 
Durazane 1800 with oxygen leads to the formation of a passi-
vating SiO2-scale, which prevents the complete elimination of 
C and N.[20]

In contrast, the chemical composition of Yb50 after pyrol-
ysis at 1000  °C in air demonstrates that C and N were nearly 
completely substituted by oxygen, whereas the Si to Yb ratio 
remained stable. Hence, a ceramic with the composition of 
SiC0.07N0.02O1.93Yb0.02 was obtained, resembling elemental com-
position of SiO2. Based on these results, it is clear that Yb pro-
motes the significantly faster incorporation of oxygen, which is 
crucial for self-curing in air and the formation of Yb-silicates. 
FTIR spectrum of Yb10 after pyrolysis at 1000  °C in air pro-
vides additional information about the pyrolysis behavior of the  
Yb-modified precursors (Figure 5).

No absorption bands between 1500 and 3500 cm–1 indicate 
that all organic groups in the starting precursors disappeared 
during pyrolysis in air, which is confirmed by the elemental 
analysis of Yb50 (Table 1). In addition, the IR spectrum of Yb10 
after pyrolysis is clearly a combination of those resulting from 
Yb2O3, SiO2, and Yb2Si2O7. The bands at 1094 and 795 cm–1 cor-
respond to stretching vibrations of asymmetric and symmetric 

SiO bonds, respectively, which are also present in the IR 
spectra of SiO2 and Yb2Si2O7. In silanolates, the range between 
1000–900 cm–1 is attributed to SiOMetal stretching bonds.[47] 
Hence, in regard to the IR spectrum of Yb2Si2O7, the bands 
at 919 and 864 cm–1 from Yb10 were attributed to SiOYb 
stretching bonds. Carrión et  al. and Díaz et  al. report that the 
lower frequency modes in the IR spectrum of rare earth sili-
cates such as Y2Si2O7 are rather difficult to be characterized 
since SiO and YO coexist in similar ranges. In this case, the 
modes from 600 to 500 cm–1 are attributed to YO stretching, 
whereas those from 500 to 400 cm–1 correspond to SiO 
bending.[32,48] Based on this statement and on the IR spectra of 
Yb2O3, SiO2, and Yb2Si2O7 the bands at 494 and 478 cm–1 were 
attributed to SiO bending, whereas YbO stretching bonds 
were assigned to 572 cm–1, indicating the formation of ytter-
bium silicates besides silica, as confirmed by X-ray diffractom-
etry (XRD) measurements (Figure 6).

Whereas the pyrolysis of Durazane 1800 at 1000  °C in air 
yields an amorphous ceramic, the lowest concentration of 
Yb (Yb100) already promoted the crystallization of α-quartz, 
which was assumed by FTIR (Figure 5) and elemental analyses 
(Table 1) due to the formation of highly ordered SiO2 structures. 
Salmang and Scholze mentioned that the presence of impu-
rities can enhance the crystallization kinetics of a ceramic by 
acting as nuclei,[49] attributed to traces of C and N present in the 
modified precursors after pyrolysis (Table 1).

By the introduction of small amounts of impurity in the 
crystal lattice of pure quartz, the transition to cristobalite, which 
is commonly reported at 1250 °C, can be reduced to 1000 °C,[49] 
as also determined for Yb50 and Yb25.

In addition to crystalline SiO2 (α-quartz and α-cristobalite), 
β-Yb2Si2O7 (Keivite) crystallized during the pyrolysis of Yb50 
and Yb25 in air, arising from the solid-state reaction between 
Yb2O3 and SiO2.[17] In this work, the excessive amount of SiO2 
may have favored the formation of the disilicate (Yb2Si2O7) 

Figure 5.  FTIR spectrum of Yb10 pyrolyzed at 1000 °C in air in compar-
ison with Yb2O3, SiO2, and Yb2Si2O7.

Figure 6.  XRD diffractograms of the resulting ceramics from Durazane 
1800 and the Yb-modified polysilazanes after pyrolysis at 1000 °C in air 
(□ – SiO2 (α-Quartz, 04-008-4821); α – SiO2 (α-Cristobalite, 04-007-2134); 
▽ – β-Yb2Si2O7 (Keivite, 04-015-6658)).
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rather than the oxy-monosilicate (Yb2SiO5), although no clear 
evidences of the reaction mechanism are available.

Rietveld refinement of the corresponding diffractograms 
(Figure 6) provides additional information on the crystallization 
behavior of the pyrolyzed Yb-modified precursors. Table 2 sum-
marizes the crystalline phase quantification and their respective 
refined lattice parameters, which are in good agreement with the 
literature.[32,49] Moreover, the low weighted residual (Rwp) values 
(<10) and the goodness of fit (GOF) index lower than 1.4 indicate 
the reliability of the refined data.

By increasing the Yb concentration from Yb100 to Yb50, 
the degree of crystallinity of the resulting ceramics increased 
from 13 to 18 wt%, achieving a maximum of 20 wt% for 
Yb25. The reason for the similarity between Yb50 and Yb25 
could rely on the elemental composition of the corresponding 
ceramics. Due to the nearly complete removal of carbon 
and nitrogen from Yb50 (see Table  1), no great influence on 
the crystalline degree of the resulting ceramics is expected 
beyond this concentration. On the one hand, higher con-
centrations of Yb (Yb25) showed rather a negative effect on 
the purity of α-quartz as the relative amount of α-cristobalite 
dropped from 46 to 25 wt%, respectively for Yb50 and Yb25. 
On the other hand, Rietveld refinement confirmed the crys-
tallization of higher amounts of β-Yb2Si2O7, corresponding 
to 21 wt% of the crystalline phases of Yb25, whereas only 
14 wt% was detected for Yb50.
Table 3 provides an estimation of the theoretical con-

centration of Yb2Si2O7 and the total amount of SiO2 in the  
Yb-modified precursors after pyrolysis in air. Therefore, the 
quantitative oxidation of the Yb-complex and Durazane 1800 
into respectively Yb2O3 and SiO2 was considered, as well as 
their stoichiometric reaction to yield Yb2Si2O7. As reference, a 

comparative to Yb50 (1000 °C, air) based on its elemental com-
position is provided (see Table 1).

Based on the experimental data of Yb50 (1000 °C, air), only 
a small difference to the theoretical concentration of Yb2Si2O7 
and SiO2 is calculated. This result indicates the elimination of 
small amounts of Yb during pyrolysis in air, thus leading to a 
1.2 wt% lower Yb2Si2O7 content. Based on its elemental compo-
sition (SiC0.07N0.02O1.93Yb0.02), degree of crystallinity and phase 
composition detected by XRD, a conversion of approximately 
37 mol% of atomic Yb into crystalline β-Yb2Si2O7 is calculated, 
which corresponds to 2.52 wt% of the Yb50 ceramic. The rest 
remains amorphous or not detectable by XRD analysis. Hence, 
by analyzing Table 3, it is evident that despite the similar degree 
of crystallinity and crystalline phase composition of Yb50 
and Yb25 (Table  2), nearly twice as much Yb2Si2O7 should be 
expected in the Yb25 ceramic. In this case, annealing at higher 
temperatures and holding times could favor the crystallization 
of the disilicate phase beyond the detected amount.[49]

2.2. Characterization of the Coatings

First, the applied coating systems (see Section 4.4) were opti-
cally evaluated regarding crack formation or spallation after 
pyrolysis at 1000 °C in air (Figure 7).

From Figure 7, defects are clearly visible at the surface of the 
Durazane 1800 coated substrate. The dark spots on the coated 
region represent unprotected areas where the substrate was oxi-
dized during pyrolysis. An improved oxidation protection was 
already achieved by using the HTTS polysilazane, which was 
synthesized by the selective cross-linking of Durazane 1800.[50] 
In comparison with Durazane 1800, the increased degree of 
cross-linking of HTTS prevents the volatilization of oligomers 
during pyrolysis, which results in higher ceramic yields, 
leading to the deposition of thicker coatings and avoiding the 
formation of defects, because of the reduced shrinkage of the 
polysilazane.[50]

Due to the high reactivity of the Yb-modified polysilazanes 
with oxygen and the resulting increased degree of cross-linking 
at already low temperatures, a low Yb content as for Yb100 
already leads to a similar oxidation protection as for HTTS 
coatings. Anyway, uniformly distributed defects are visible 
at its surface, comparable to the Yb25 coated sample. In the 
latter case, the formation of such defects can be related to the 

Table 2.  Refined lattice parameters and phase quantification of the diffractograms from Figure 6.

Sample Rwp GOF Degree of crystallinity [wt%] Crystalline phases* Relative amount [wt%] Lattice parameters

a [Å] b [Å] c [Å] ß [°]

Yb100 7.75 1.38 13 SiO2 (Q) 100 4.919 5.407

Yb50 7.58 1.34 18 SiO2 (Q) 40 4.919 5.405

SiO2 (C) 46 4.981 6.956

Yb2Si2O7 (K) 14 6.792 8.856 4.701 102.12

Yb25 7.92 1.39 20 SiO2 (Q) 54 4.922 5.409

SiO2 (C) 25 4.985 6.955

Yb2Si2O7 (K) 21 6.796 8.865 4.704 102.12

*(Q)—α-Quartz (space group: P3121); (C)—α-Cristobalite (space group: P41212); (K)—Keivite (space group: C12/m1)

Table 3.  Estimation of the concentration of Yb2Si2O7 and SiO2 in the Yb-
modified precursors after pyrolysis in air (in wt%).

Sample Yb2Si2O7 SiO2

Yb100 4.1 95.9

Yb50 8.0 92.0

Yb50* 6.8 93.2

Yb25 15.1 84.9

*—Based on the elemental composition of Yb50 (1000 °C, air) in Table 1.
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increased mass loss during pyrolysis (refer to Figure 3), caused 
by the volatilization of the aminopyridinato ligands, whereas 
the insufficient coating thickness causes the defects at the sur-
face of the Yb100 coated steel sample. In contrast, the Yb50 
coating appears defect free, comparable with the HTTS and 
Durazane 2250 coatings.

As extended oxidation tests at 1000 °C for 10 h in air revealed 
an insufficient protection of the AISI 304 substrate coated with 
HTTS, the following discussion focused on the detailed char-
acterization of the Yb50 based coatings and Durazane 2250 
coated systems as a benchmark.

In agreement with Günthner et al., the microstructure of the 
Durazane 2250 coating after pyrolysis (Figure 8a) is character-
ized by smooth intact areas (region 1) enclosed by a few small 
cracks from which metal oxides grow (region 2), resulting from 
the oxidation of the AISI 304 steel,[12] as evidenced by scanning 
electron microscopy (SEM).

Energy dispersive spectroscopy (EDS) point analysis of 
region 1 confirms the presence of mainly Si and O, respec-
tively 36 and 54  at%, due to the formation of a dense SiO2-
layer upon pyrolysis in air, slowing the further oxidation of the 
SiOx(N) coating.[11,12] Anyhow, 6 at% of Fe and 4 at% of Cr are 
also present within this region, whereas only traces of Mn were 

detected, indicating the diffusion of transition metals from the 
substrate into the coating. In contrast, EDS analysis of region 
2 detected high Mn (54 at%) and O (38 at%) contents, whereas 
Si, Cr, and Fe corresponded respectively to less than 4 at%. 
Günthner et al. reported that the cracks (region 2) result from 
the shrinkage of the coating of up to 48 vol% during pyrolysis. 
In combination with the high coefficient of thermal expan-
sion (CTE) of AISI 304, the cracking of the coating leads to the 
oxidation of the substrate and to the formation of a protective 
Cr2O3-scale.[2,11,51] In our case, the high concentrations of Mn 
can be explained by its diffusion through the protective Cr2O3-
scale. Due to the exposure of the coated systems at high tem-
peratures, Mn is capable of diffusing through Cr2O3 at faster 
rates than Fe to form MnCr2O4 or Mn3O4, resembling the 
detected composition.[52] However, the detection of such phases 
by means of X-ray diffractometry is rather difficult due to the 
limited coating thickness.

The back-scattered electron (BSE) analysis of the cross-
section of the Durazane 2250 coating reveals a well-adhered 
and dense layer with a thickness of approximately 1.2  µm 
(Figure 8b), where region 2 is marked accordingly to Figure 8a. 
To get more detailed information about the chemical composi-
tion of the coatings after pyrolysis at 1000 °C for 1 h in air, X-ray 

Figure 7.  Comparison between Durazane 1800 + 3 wt% DCP, HTTS, Yb-modified polysilazanes, and Durazane 2250-based coatings on AISI 304 after 
pyrolysis at 1000 °C, 1 h in air.

Figure 8.  SEM/BSE analysis of the a) surface and b) cross-section of the Durazane 2250 (D2250) coating on AISI 304 after pyrolysis at 1000 °C for 1 h  
in air, and selected points for EDS analysis.
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photoelectron spectroscopy (XPS) depth profile analysis was 
performed. The atomic concentration profile of the Durazane 
2250 coated steel was measured up to 1800 nm depth (Figure 9).

In agreement with EDS analysis, XPS confirms Si (2p) and 
O (1s) as main elements of the Durazane 2250 based coating. 
After pyrolysis at 1000  °C for 1 h in air, no traces of N were 
detected, indicating its complete removal. Up to 500  nm, the 
relative atomic concentration of Cr increases significantly upon 
a slight decrease in the amounts of Si and O, confirming its dif-
fusion from the AISI 304 substrate during pyrolysis. At above 
500 nm and until 700 nm, the concentration of these elements 
remains almost unaltered. Up to 700 nm, the concentration of 
Mn (2p) within the coating is constant, confirming the faster 
diffusion of this element, already detected by EDS analysis. The 
depth range of 700 and up to 1600  nm characterizes a diffu-
sion front, where the concentration of Fe (2p) steeply increases 
and the amounts of Si and O decrease. In addition, XPS anal-
ysis verifies the slightly increasing concentration of Cr (2p), Ni 
(2p3), and Mn (2p) with depth. Elements of the coating were 
also capable of diffusing beyond the estimated coating thick-
ness (1200  nm, see Figure  8b). Therefore, Si is present up 
to 1600  nm, whereas 10 at% of O was detected at a depth of 
1800 nm.

In comparison with the Durazane 2250 coating, the Yb50 
coating shows a distinct microstructure, characterized by 

smooth (1) and rough regions (2) with varying surface structure 
sizes of up to approximately 20 µm (Figure 10a).

EDS-analysis of region 1 also confirms Si and O as main ele-
ments within the coating, corresponding respectively to 32 and 
24 at%, whereas approximately 2 at% of Yb were detected.

As discussed in Section 2.1, the pyrolysis of Durazane 1800 in 
air is strongly influenced by the modification with Yb, leading to a 
ceramic with an elemental composition of SiC0.07N0.02O1.93Yb0.02.  
Nevertheless, the detection of considerable amounts of Fe  
(15 at%), Cr (19 at%), and Mn (8 at%) within region 1 indicates 
the enhanced diffusion of these elements through the coating 
during pyrolysis. In contrast, region 2 is composed by mainly 
Fe (21 at%) and O (56 at%), whereas Si, Cr, and Mn account 
for 11, 10, and 2 at%, respectively. At higher magnifications 
(Figure  10b), whiskers are distinguishable, which have been 
commonly reported during the oxidation of fayalite (Fe2SiO4). 
Gaballah et  al. state that the oxidation of Fe2SiO4 leads to the 
formation of a covering layer containing iron oxide and silica. 
The crystallization of silica develops with the relaxation of stress 
due to fracture, where hematite whiskers grow.[53] In this case, 
it is likely that the enhanced diffusion of iron and the incorpo-
ration of oxygen resulted in the formation of Fe2SiO4,[9,10] fol-
lowed by the growth of hematite whiskers. However, additional 
analyses are required to determine their nature.

The BSE analysis of the cross-section of the coating reveals 
a well-adhered and dense layer with a thickness of 1.2  µm 
(Figure  10c), whereas region 2 is restrained to the surface of 
the Yb50 coating, corresponding additionally to approximately 
0.4  µm in thickness. This result supports the faster diffusion 
of transition metals from the substrate through the coating in 
comparison with Durazane 2250, as confirmed by XPS depth 
profile analysis (Figure 11).

The XPS depth profile of the Yb50 coated steel reveals 
that the main elements of this coating system correspond to 
Si (2p), O  (1s), followed by Fe (2p), Cr (2p), and Mn (2p), in 
accordance with EDS analysis. Moreover, it confirms the com-
plete removal of C and N from the starting Yb-modified pre-
cursor after pyrolysis at 1000 °C for 1 h in air. Up to a depth 
of 300  nm, a higher concentration of Fe (2p) was detected, 
whereas it decreases beyond this point up to 700  nm. This 
result is likely influenced by the higher Fe content within 
region 2, present at the surface of the coating (Figure  10c). 
From 300 until 700 nm, the concentration of other elements 
as Si, O, Cr, and Mn remain almost constant. Similarly to 
the Durazane 2250 coating, a diffusion front is estimated to 

Figure 9.  XPS depth profile of the Durazane 2250 coated AISI 304 steel 
after pyrolysis at 1000 °C for 1 h in air.

Figure 10.  SEM/BSE analysis of the a,b) surface and c) cross-section of the Yb50 coating on AISI 304 after pyrolysis at 1000 °C for 1 h in air, and selected 
points for EDS analysis.
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start at 700  nm. On the one hand, the concentration of Fe 
steeply increases beyond this point, together with the detec-
tion of slightly increasing amounts of Cr, Ni (2p3), and Mn. 
On the other hand, the amounts of Si and O decrease gradu-
ally toward the substrate. Si was detected up to approximately 
1900 nm, whereas 20 at% of O is still present up to 2100 nm, 
equivalent to a depth of 1600 nm in the Durazane 2250 coated 
steel. Despite the very low concentration of Yb (4d), its signal 
was detected up to approximately 1700 nm.

The differences in the mean atomic concentration of the 
Durazane 2250 and Yb50 coatings up to their respective total 
measured thickness of 1200 and 1600  nm are summarized in 
Table 4.

In comparison with the Durazane 2250 coating, consider-
ably higher amounts of Fe, Cr, and Mn were detected within 
the Yb50 coating. Moreover, considering the thickness of both 
coatings and the clear formation of a diffusion front at above 
700  nm in both systems, the faster diffusion of transition 
metals from the substrate into the Yb50 coating is evidenced.

At 1000 °C, Fe is capable of diffusing through SiO2-films at 
comparable rates to Cr, and faster than Mn, resulting in the 

reported composition,[54–56] whereas SiNx films are proven to 
be a more effective barrier against the diffusion of transition 
metals.[57,58] In this case, the high reactivity of the Yb50 coating 
with oxygen led to the faster formation of SiO2, whereas the 
slower oxidation of the Durazane 2250 coating is expected to 
have retarded the diffusion of elements from the substrate. The 
more distinct gradient structure of the Yb50 coating should 
lead to a decreased CTE mismatch to the AISI 304 steel sub-
strate, thus avoiding the formation of cracks as detected for the 
Durazane 2250 coated steel (region 2, Figure 8a). To investigate 
the influence of the coating morphology on the adhesion to 
the steel substrate, the Durazane 2250 and Yb50 coatings were 
evaluated by cross-cut (Figure 12) and pull-off (Figure 13) tests.

Initially after the cross-cut test (Figure  12), the scratch pat-
terns of the Durazane 2250 (a) and Yb50 (c) coatings appear 
very similar. However, at higher magnifications the partial spal-
lation of the Durazane 2250 coating becomes clear (Figure 12b), 
which was estimated to be less than 5% of the tested area 
(GT 1). In contrast, SEM analysis of the surface of the Yb50 

Figure 11.  XPS depth profile of the Yb50-coated AISI 304 steel after pyrol-
ysis at 1000 °C for 1 h in air.

Table 4.  Mean atomic concentration of the Durazane 2250 and Yb50 
coatings on AISI 304 after pyrolysis at 1000 °C for 1 h in air.

Atomic concentration [%]

Durazane 2250* Yb50**

O (1s) 53.1 42.6

Si (2p) 18.7 8.9

Cr (2p) 9.8 13.3

Mn (2p) 3.7 5.2

Fe (2p) 13.7 28.0

Ni (2p3) 1.0 1.5

Yb (4d) – 0.3

*—up to 1200 nm; **—up to 1600 nm.

Figure 12.  Cross-cut test with a) Durazane 2250 and c) Yb50 coatings 
on AISI 304 after pyrolysis at 1000 °C, 1 h in air, where (b) and (d) are 
respectively higher magnifications from (a) and (c).

Figure 13.  Pull-off tests of the a) Durazane 2250 and b) Yb50 coatings 
on AISI 304 and their respective Si and C EDS mappings after pyrolysis 
at 1000 °C for 1 h in air. C represents the adhesive and Si the coatings.
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coating at higher magnification showed no signs of spallation 
(Figure 12d), thus corresponding to a GT 0 classification.

An adhesion of 23.7 ± 0.5 MPa was measured for the Yb50 
coating by pull-off test, slightly higher than 19.5 ± 2.9  MPa, 
measured for the Durazane 2250 coating. The corresponding 
failure mechanism was investigated by SEM/EDS analysis 
(Figure 13), where the red dotted rectangle on the coated steel 
marks the analyzed region. The EDS element mappings of 
carbon and silicon indicate the epoxy resin and the coatings, 
respectively.

By comparing the SEM images of the coatings with their 
respective EDS mappings, Si is still detected within the tested 
areas of both samples after the pull-off tests. However, within 
the detached area the Durazane 2250 coating remained only 
partially adhered to the surface of the steel, as the dark regions 
with neither C nor Si represent the steel substrate (Figure 13a) 
and evidence an adhesion failure. In contrast, the analysis of 
the Yb50 coating indicates no signs of damage (Figure  13b). 
In this case, the epoxy resin failed by cohesion. As supporting 
information to the adhesion tests and as a direct evidence of 
the hardness of the thin coatings, scratch tests determined the 
necessary load to damage the Durazane 2250 (a) and the Yb50 
(b) coating on the AISI 304 steel (Figure 14).

A load of 10 N resulted in a scratch width of 86 µm on the 
surface of the Durazane  2250 coating (Figure  14a), whereas 
the Yb50 coating was capable of withstanding loads of up 
to 38 N before failing, resulting in a scratch width of 157  µm 
(Figure 14b).

Despite the decreased hardness associated to FeSixOy coat-
ings (up to 9.6  GPa)[59,60] in comparison with Durazane 2250 
coatings (12 GPa, 1000 °C in air),[11] dense and thin Cr2O3 films 
exhibit an increased hardness of up to 32 GPa and are capable 
to withstand a critical load of 70 N.[61,62] Thus, the superior 
adhesion and scratch tolerance of the Yb50 coatings benefits 
from the enhanced diffusion of transition metals from the 
steel, leading to a distinct gradient as confirmed by EDS ele-
mental analysis (Figure 10) and XPS depth profiling (Figure 11).

The protective effect of the Durazane 2250 and the Yb50 
coatings was evaluated during dry and wet oxidation tests in air. 
Since no signs of degradation were detected after dry oxidation 
with coated steel samples at 900 °C for 15 h in air, the oxidation 
temperature was increased to 1000 °C (Figure 15).

Already after 5 h of oxidation at 1000 °C, slight signs of deg-
radation are visible for both Durazane 2250 and Yb50 coated 
steel samples. As the oxidation time increases to 10 and 15 h, 

more defects are visible for the Durazane 2250 coated sample, 
especially at the corners of the coating. These regions cor-
respond respectively to thinner and thicker coatings caused 
by the dip-coating process and are usually the first to fail. At 
thinner coating regions the insufficient thickness enables the 
faster oxidation of the substrate, whereas at thicker coating 
regions, spallation may occur.[13,14] In contrast, the Yb50 coated 
system seems more stable against oxidation as the benchmark 
coating based on Durazane 2250.

In comparison with dry oxidation, H2O(v) is capable of dif-
fusing more rapidly through SiO2 films than O2,[1,7,24,25] therefore 
the enhanced oxidation of the Yb50 and Durazane 2250 coated 
steels can be expected due to exposure to moisture containing 
atmospheres at 1000  °C for 15 h as described in Section 4.5.  
SEM/EDS analysis of the Durazane 2250 and the Yb50 coatings 
on AISI 304 after wet oxidation provide more information on 
their protection mechanisms, shown respectively in Figures 16 
and 17.

As discussed previously, the resulting coatings are always 
thinner closer to the uncoated region of the steel substrate, 
because of the dip-coating process. Therefore, the oxidation 
of the coated AISI 304 steel starts at the uncoated and thinner 
coating regions with the formation of a protective Cr2O3-scale. 
After 2 h exposure at 1000 °C, the breakdown point is achieved, 
which leads to the rapid growth of the chromia scale and to the 
formation of a non-protective Fe2O3-scale upon the depletion 
of Mn and Cr. Beyond this point, the Cr2O3-layer is no longer 
capable of protecting the steel substrate against oxidation.[1,2,51] 
During exposure for 15  h at 1000  °C, the damage to the sur-
face of the Durazane 2250 coated steel progressed (Figure 16a), 

Figure 14.  Optical microscopy of the a) Durazane 2250 and b) Yb50 coat-
ings on AISI 304 pyrolyzed at 1000 °C for 1 h in air after the scratch test 
with a load of 10 and 38 N, respectively.

Figure 15.  Oxidation of Durazane 2250 and Yb50 coated AISI 304 at 
1000 °C in air for 5, 10, and 15 h.
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which is mainly attributed to the faster diffusion of water vapor 
through the SiO2-based coating. Interestingly, the SEM/BSE 
analysis of the Durazane 2250 coated steel within the red dotted 
rectangle, where no signs of oxidation are visible in Figure 16a, 
reveals the spallation of the coating after testing (Figure  16b). 
In this case, the CTE mismatch between the MnxCryO-scale 
(region 2, Figure  8) and the SiO2-derived coating are likely 
the cause for spallation, as confirmed by the Cr and Fe map-
pings of Figure  16c. The varying intensities of these elements 
detected within this region evidence different compositions, 
which may correspond to either Fe2O3 or Cr2O3, representing 
an advanced stage of oxidation of AISI 304. The CTE mismatch 
between the SiO2-based coating and the metal oxides led to the 
generation of stresses within the coating during cooling,[59,63] 
thus resulting in its spallation. In contrast, the Yb50 coating 
remained undamaged (Figure  17a,b), indicating the beneficial 
effect of the modification of Durazane 1800 with Yb. In this 
case, the formation of β-Yb2Si2O7 was proved after pyrolysis 
of the Yb50 precursor at 1000  °C in air, known for its high 
stability in moisture containing environments at high tem-
peratures. Based on the work of Opila et al.,[64] the interaction 
between SiO2 and water vapor leads to the formation of volatile 
silicon hydroxide (Si(OH)4). The critical temperature for silica 
volatilization, where increased corrosion rates are reported, is 
dependent on the temperature and water vapor partial pressure 
(pH2O). In our case, a critical temperature close to 1000 °C can 
be expected due to the high pH2O (0.3 atm), besides the higher 
diffusion rates of H2O through SiO2 films in comparison with 
molecular oxygen (O2),[24] thus contributing to the degrada-
tion of the coatings. However, in compounds from the system 
YbSiO as ytterbium silicates, the stability of bound SiO2 is 

significantly increased and very low corrosion rates are reported 
up to 1450 °C in wet environments.[30] Therefore, it is likely that 
the diffusion of water vapor through the Yb50 coating is hin-
dered upon interaction with YbSiO phases present within 
it, which is supported by the higher stability of the Yb50 coat-
ings in wet environments in comparison with Durazane 2250. 
Another beneficial effect is the enhanced interaction between 
Yb50 and the AISI 304 steel substrate and the formation of a 
gradient coating, as it avoided the formation of cracks within 
the coating as reported for Durazane 2250. Consequently, a 
better performance of the Yb50 coated steel is to be expected 
during thermal shock tests. Figure 18 depicts both coating types 
on AISI 304 after 1, 3, 5, and 6 cycles between 1000 and 20 °C.

Already after 1 cycle, defects are visible on the surface of 
the Durazane 2250 coated steel, whereas the Yb50 coating 
remained intact. As the test progressed (3 cycles), the initial 
defective region oxidized completely and increased in size, 
leading to the complete failure of the Durazane 2250 coating 
after 5 cycles. Although the Yb50 coating also failed after  
6 cycles, only slight signs of oxidation are visible on its surface 
up to 5 cycles. Moreover, undamaged coated areas were still 
present after 9 cycles. During thermal cycling, the coatings 
and especially the steel substrate go through a rapid expan-
sion when exposed to 1000 °C, followed by a rapid contraction 
during quenching in water at 20 °C. Due to the CTE mismatch 
between the coatings and the steel substrate, their spallation 
is inevitable. Therefore, a reduced CTE mismatch between the 
AISI 304 steel substrate and Yb50 coating is expected due to  
the enhanced diffusion of transition metals in comparison 
with the Durazane 2250 coating, thus leading to an increased 
stability during thermal cycling. In the latter case, the faster 
failure of the coating system is additionally attributed to the 
CTE difference between regions 1 and 2 (refer to Figure 8), as 
previously discussed for wet oxidation.

3. Conclusion

In this work, the chemical modification of silazanes with ytter-
bium (Yb) was successfully carried out in order to increase the 
stability of silazane-based ceramic coatings in very harsh hot 
gas corrosion environments like gas turbines and exhaust lines 
at temperatures above 1200  °C. Hence, the hot gas corrosion 
stable phase β-Yb2Si2O7 was generated by the reaction of NH 
groups of the oligosilazane Durazane 1800 with Yb(ApTMS)3, fol-
lowed by pyrolysis of the resulting Yb-modified silazanes in air. 

Figure 16.  a) Picture, b) SEM/BSE image, and c) EDS mapping of the surface of the Durazane 2250 coated AISI 304 steel after wet oxidation in moist 
flowing air at 1000 °C for 15 h (P = 1 atm, PH2O = 0.3 atm, and v ̅ = 10 mm s–1).

Figure 17.  a) Picture and b) SEM analysis of the surface of the Yb50 
coated AISI 304 steel after wet oxidation in moist flowing air at 1000 °C 
for 15 h (P = 1 atm, PH2O = 0.3 atm, and v ̅ = 10 mm s–1).
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The influence of the incorporation of Yb on the chemical struc-
ture and pyrolysis behavior of silazanes was thoroughly studied 
by varying the Si to Yb ratio within the modified precursors. 
Thereafter, the Yb-modified silazanes were applied as protective 
coatings onto AISI 304. The best resulting coated system was 
tested against oxidation in dry and wet atmospheres up to 15 h  
at 1000  °C, simulating combustion environments. A detailed 
discussion of its microstructure and protection mechanism is 
provided as well as a comparison to the benchmark silazane 
Durazane 2250.

FTIR, TG, and elemental analyses of the Yb-modified sila-
zanes confirmed their remarkable interaction with oxygen, 
thus enabling an increased degree of cross-linking at already 
low temperatures by the formation of SiOSi bonds and the 
substitution of C and N from the oligosilazane Durazane 1800 
by oxygen and influencing its pyrolysis behavior. Consequently, 
pyrolysis at 1000  °C in air led to the crystallization of SiO2 as 
α-cristobalite and α-quartz and β-Yb2Si2O7, favored at higher 
Yb contents. Based on the elemental composition of Yb50 

after pyrolysis (SiC0.07N0.02O1.93Yb0.02) and the corresponding 
refined XRD data, a total conversion of 37 mol% atomic Yb into 
β-Yb2Si2O7 was calculated, corresponding to 2.52 wt% of the 
ceramic composition.

In comparison with the benchmark Durazane 2250 coat-
ings for AISI 304, at already very low Yb contents, Yb50 coat-
ings exhibited a similar oxidation protection after pyrolysis 
at 1000  °C in air. SEM/EDS and XPS depth profile analyses 
revealed in both cases a well-adhered and dense SiO2-based 
layer with a thickness of 1.2  µm. The positive influence of 
the modification of silazanes with Yb was confirmed by the 
decreased CTE mismatch to the stainless steel, caused by 
the enhanced diffusion of transition metals into the Yb50 
coating, thus hindering the formation of cracks as seen for 
the Durazane 2250 coating. Consequently, it exhibited a supe-
rior adhesion and scratch tolerance as determined by cross-cut 
(GT 0), pull-off (23.7 ± 0.5  MPa), and scratch tests (38 N) in 
comparison with the Durazane 2250-based coating (i.e., GT 1; 
19.5 ± 2.9  MPa; 10 N). In addition, the Yb50-coated AISI 304 
steel was able to withstand up to 9 thermal cycles between 
1000 and 20 °C. In contrast to the Durazane 2250 coated AISI  
304 steel, the Yb50-coated system showed only minor dam-
ages after oxidation in dry and wet environments up to 15 h 
at 1000  °C. Especially in wet environments, the better per-
formance of the Yb50 coating is attributed to the presence of 
YbSiO phases, which retarded the diffusion of water vapor 
through the coating and attenuated the effects related to oxi-
dation. Therefore, we conclude that the modification of sila-
zanes with Yb is a suitable approach to increase the stability of  
silazane-based ceramic coatings in combustion environments 
via generation of stable silicate phases and the deposition of 
coatings with increased mechanical and oxidation stability.

4. Experimental Section
Materials: All syntheses were carried out in purified argon atmosphere 

to prevent any contact with air by using the standard Schlenk technique. 
The polysilazanes Durazane 1800, Durazane 1033, and Durazane 2250 
were obtained from Merck KGaA (Germany). HTTS was synthesized by 
the selective cross-linking of Durazane 1800, according to the procedure 
described by Flores et  al.[50] 4-methyl-2-((trimethylsilyl)amino)-
pyridine (ApTMSH) was synthesized according to a procedure reported 
elsewhere.[34] Ytterbium (III) chloride (YbCl3, anhydrous, 99.9%) was 

Figure 18.  Thermal shock tests of Durazane 2250 and Yb50 coated 
AISI 304 steel after annealing at 1000 °C for 1 h in air and subsequent 
quenching in water at 20 °C.

Figure 19.  Reaction scheme for the preparation of the complex Yb(ApTMS)3.
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purchased from abcr GmbH (Germany). Tetrahydrofurane (THF), 
diethylether (Et2O), toluene, and n-hexane (extra dry over molecular 
sieve, AcroSeal) and n-butyl lithium (BuLi, 2.5 m in hexane) were 
obtained from Fisher Scientific GmbH (Germany) and used without 
further purification. Dicumyl peroxide (DCP, 98%) was purchased 
from Sigma-Aldrich Co. LLC. (Germany) and used as received. All 
chemicals used in the synthesis of the modified silazanes were handled 
in a nitrogen filled glovebox (MBraun, MB-200G, <1  ppm H2O/O2). 
Ytterbium (III) oxide (Yb2O3 REacton, 99.9%) and silicon dioxide (SiO2, 
99.5%) were acquired from Alfa Aesar GmbH & Co. KG, Germany. 
Ytterbium disilicate (Yb2Si2O7, 99.98%) was purchased from Treibacher 
Industries AG, Austria.

Synthesis of the Ytterbium-Modified Polysilazane: Preparation of the 
Ytterbium Complex (Yb(ApTMS)3): In a typical reaction, BuLi (30  mL, 
75  mmol) was added dropwise to a solution of ApTMSH (13.5  g, 
75 mmol) dissolved in Et2O (50 mL). After 30 min of vigorous stirring, 
the resulting solution was poured into an addition funnel connected to a 
Schlenk containing YbCl3 (6.99 g, 25 mmol) dispersed in Et2O (30 mL). 
The activated ligand was added dropwise to the YbCl3 solution and the 
mixture was further stirred overnight leading to the formation of a white 
precipitate (lithium chloride, LiCl). The Et2O solvent was removed under 
vacuum (30  °C, 10–1 mbar). N-hexane (150  mL) was then added to the 
Schlenk in order to extract the metal complex from LiCl. Finally, the 
solvent removal at 30 °C and 10–1 mbar led to a moisture and air sensitive 
yellow solid. The corresponding reaction scheme is shown in Figure 19.

Preparation of Ytterbium-Modified Polysilazanes: Various precursors 
were synthesized with different Si:Yb ratios as shown in Table 5. 
Therefore, a toluene solution of the ytterbium complex was added 
dropwise to the corresponding amount of Durazane 1800, also dissolved 
in toluene, which was subsequently vigorously stirred overnight. The 
expected reaction scheme is shown in Figure 20. For structural analyses 
of the resulting precursors before pyrolysis, the solvent was removed 
after synthesis, yielding a viscous yellow liquid. Additionally, a sample 
with the molar ratio of 10 Si to 1 Yb (Yb10) was synthesized to emphasize 
the effects related to the incorporation of Yb. Otherwise, 3 wt%  
DCP, regarding the oligosilazane, was added to promote the cross-
linking of the modified precursors via hydrosilylation and polymerization 
reactions, thus increasing their ceramic yield upon pyrolysis.[37,65,66] For 
coating purposes, the procedure was set up in a way to obtain a final 

20 wt% Yb-modified polysilazane solution, which was stored inside the 
glovebox.

Characterization of the Ytterbium-Modified Polysilazanes: All polymer 
samples are sensitive to moisture and air. Therefore, their preparation 
was carried out inside the glovebox. The chemical structure of the 
modified precursors was investigated by Fourier transform infrared 
spectroscopy (FTIR), using a Tensor 27 (Bruker Corporation, USA) 
equipped with an attenuated total reflectance (ATR) unit, recorded within 
the range 400–4000 cm–1. A total of 16 scans with a resolution of 4 cm–1 
were performed. Solid state 13C CP MAS and 29Si MAS nuclear magnetic 
resonance (NMR) spectra were recorded on an Avance 400 spectrometer 
(Bruker Corporation, USA) using 3.5  mm Bruker probes and spinning 
frequencies of 10, 12.5, or 20  kHz. 13C CP MAS measurements 
were recorded with cross-polarization in the 1H channel to transfer 
magnetization from 1H to 13C. Chemical shift values were referenced to 
tetramethylsilane. Only for NMR purposes, the oligosilazane Durazane 
1033 (showing only SiH, NH, and CH3 functional groups) was modified 
with the Yb-complex in a 10 Si to 1 Yb ratio in order to avoid possible 
side reactions of BuLi with the vinyl groups of Durazane 1800, thus 
hindering the correct peak assignment of the obtained spectra. After the 
synthesis, an adequate amount of BuLi was added in order to precipitate 
and remove the ApTMSH released during the reaction as ApTMSLi. The 
resulting ML-Yb10 sample was a yellow solid. Elemental analyses were 
performed by Mikroanalytisches Labor Pascher in Remagen, Germany. 
TGA were carried out using an STA 449 F5 Jupiter (Netzsch GmbH & 
Co. Holding KG, Germany) at 5 K min–1 and up to 1000 °C in synthetic 
air (80/20 vol% N2/O2). The crystallization effects of the resulting 
ceramics were investigated by FTIR and X-ray diffractometry (XRD). For 
a matter of comparison, the FTIR spectra of Yb2O3, SiO2 and Yb2Si2O7 
were also measured. XRD analysis was carried out in a D8 ADVANCE 
(Bruker Corporation, USA) using monochromatic CuKα radiation. The 
crystalline phases were identified using the PDF-4+ 2016 structural 
database, whereas the refinement and quantification of the resulting 
diffractograms was performed in Topas v. 4.2.

Preparation of the Coatings: For the preparation of the coatings, 
AISI 304 stainless steel sheets were cut into 25  ×  50  mm substrates, 
which were cleaned in an acetone ultrasonic bath for 25 min to remove 
any superficial impurities. The steel substrates were dip-coated inside 
the glovebox using a RDC 10 dip-coater (Bungard Elektronik GmbH & 
Co. KG, Germany) with a hoisting speed of 0.5  m min–1. The coated 
substrates were pyrolyzed in an N41/H furnace (Nabertherm GmbH, 
Germany) at 1000  °C for 1 h in air and heating rate of 5 K min–1. For 
a matter of comparison, Durazane 1800  + 3 wt% DCP, HTTS, and 
Durazane 2250 silazane-based coatings were likewise processed.

Characterization of the Coatings: After pyrolysis, only the best coated 
samples were characterized. Their microstructure was evaluated using 
a scanning electron microscope (SEM) Gemini Sigma 300 VP (Carl 
Zeiss AG, Germany), coupled with an EDAX Octane Elect SDD, used for 
energy-dispersive X-ray spectroscopy (EDS).

Table 5.  Composition of the Yb-modified polysilazanes.

Sample Si:Yb ratio Durazane 1800 + 3 wt% 
DCP [wt%]

Yb100 100 90

Yb50 50 82

Yb25 25 70

Figure 20.  Expected reaction scheme for the preparation of Yb-modified Durazane 1800.
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X-ray photoelectron spectroscopy (XPS) ion sputtering depth 
profiling across the coating interface was performed at Physical 
Electronics GmbH in Ismaning (Germany) using a Phi Quantum 
2000 spectrometer. The source of X-rays was a monochromatic Al-Kα 
lamp at 1486.68 eV photon energy and a beam width of 100 µm. The 
samples were evaluated using O 1s, Si 2p, Cr 2p, Mn 2p, Fe 2p, Ni 
2p3, and Yb 4d regions at a 45° take-off angle up to a sputter depth of 
2.2 µm in a 1.4 × 0.4 mm raster area. The analysis was performed by 
ion peeling with an Ar ion beam (2 kV) at a material removal rate of 
22 nm min–1.

The adhesion of the coatings was investigated by cross-cut and 
pull-off tests after pyrolysis. The cross-cut tape test was performed by 
scratching the surface of the coated samples manually with a cutting 
tool (ZCC 2087, MTV Messtechnik oHG, Germany) to obtain a 90° angle 
grid pattern according to the standard DIN EN ISO 2409. Afterward, 
a suitable tape was glued onto the surface of the coated samples 
and removed after 5  min in a 60° angle. The coatings were classified 
according to the area damaged during testing (i.e., GT 0: 0%, GT 1: <5%, 
GT 2: 5–15%, GT 3: 15–35%, GT 4: 35–65%, and GT 5: >65%). The 
pull-off tests were performed using a DeFelsko PosiTest AT-A (USA), 
according to the ASTM D4541. Thus, aluminum dollies with Ø 10  mm 
were glued onto the surface of the coated steel samples using a two-
component epoxy resin Loctite EA 9466 (Henkel Central Eastern Europe 
GmbH, Austria). The resin was cured at 110  °C for 1  h in air prior to 
the test, resulting in a tensile strength of 32  MPa. Subsequently, the 
dollies were pulled perpendicularly with a constant force of 1  MPa s–1. 
The tensile strength necessary to detach the dollies was recorded. 
The values reported herein are an average of five measurements. The 
failure mechanism of the coating systems was determined by SEM/EDS 
analysis.

As a supporting information to the adhesion tests, scratch tests 
were performed using a Lineartester  249 (Erichsen GmbH & Co. 
KG, Germany) with varying load ranging from 5 to 40 N. Therefore, a 
testing rod 15/570 (Ø 1.0 mm) was used, according to the standard ISO 
1518-1. The load necessary to damage the surface of the coatings was 
determined by optical microscopy in Axiotech HAL 100 (Carl Zeiss AG, 
Germany).

Dry oxidation tests with the coated steel samples were carried out 
in the Nabertherm N41/H furnace at 1000 °C in air, heating rate of 5 K 
min–1 and holding times of 5, 10, 15 h to evaluate their protective effect 
against oxidation of the AISI 304 substrate. Additionally, wet oxidation 
was performed in flowing water vapor atmosphere, consisting of a 
mixture of water vapor and synthetic air (PH2O = 0.3 atm, P = 1 atm) with 
an average flow speed of 10 mm s–1. In this case, the coated samples 
were placed in a tubular Al2O3 furnace model 0118T (Clasic CZ Ltd., 
Czech Republic), which was heated up to 1000 °C (5 K min–1) and held 
isothermally for 15 h. Thermal shock tests evaluated the stability of the 
coated systems upon thermal cycling in air. Therefore, a B150 furnace 
(Nabertherm GmbH, Germany) was held isothermally at 1000 °C. The 
coated systems were placed inside the heated furnace and annealed for 
1 h before quenching in a water bath at 20 °C. Afterwards, the samples 
were allowed to dry at 110 °C for 30 min and loaded back into the heated 
furnace for the next cycle. A total of nine cycles were performed.
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