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bstract

n effective and low-cost method for applying polysilazane-based barrier coatings on stainless steel is presented. Two different precursors in
he system SiCN (ABSE) and SiN (PHPS) have been used for applications of polymeric and ceramic-like coating materials. With corresponding
recursor solutions in toluene or ether, steel substrates were coated by means of a simple dip coating technique. The influence of different
nnealing atmospheres such as ambient air and nitrogen on the resulting coatings was determined. Therefore precursor-based powders and coatings

ere characterised by TGA, REM, TEM, GDOES and chemical composition measurements. Oxidation tests on coated samples were done in

ir at temperatures of 800–1000 ◦C. By measuring the weight gain and the oxidation depth, parabolic oxidation kinetics were determined. The
recursor-based coatings protect stainless steel from oxidation up to 1000 ◦C.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

The economic loss caused by wear, oxidation and corro-
ion of metals is estimated at several milliard D per year.
arrier coatings are widely applied to enhance the behaviour
gainst aggressive environments. Non-oxide and oxide ceramic
oatings are promising candidates for improving the resistance
gainst high temperature scaling and oxidation of metals. Mainly
eposition methods like thermal spraying,1 CVD2 and PVD
rocesses3 or sol–gel techniques4,5 are applied for the gener-
tion of ceramic coatings. Drawbacks of these well-established
echniques are for instance the porosity of the formed coatings
thermal spraying) or the complex and high-priced technologies
e.g. plasma and high vacuum technology). Furthermore, sol–gel
oatings are thin and nanoporous.6
An alternative, relatively low-cost and easy approach to
hese methods is the processing of polymeric and ceramic-
ike coatings by the well-known pyrolysis of appropriate
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rganoelemental compounds (precursors). Coatings are mainly
ased on silicon containing precursors like polysiloxanes,7–9

olycarbosilanes10–12 or polysilazanes.13–18 The resulting
olymer-derived ceramics (PDCs) like silicon oxycarbide
SiCO), silicon carbide (SiC), silicon nitride (Si3N4) or sil-
con carbonitride (SiCN) are promising materials for high
emperature applications. They offer excellent properties in
hermal shock resistance, creep resistance, high temperature
trength and thermal stability.19–21 The outstanding oxidation
ehaviour of PDCs has been investigated in several studies.22–27

he formation and growth of a protective SiO2 layer, which
as the lowest oxygen permeability among all simple oxides,
s the main reason for the excellent oxidation resistance of
DCs.28

With exception of the polysiloxane systems, most investiga-
ions on polymer-derived coatings have been done on coatings
yrolysed in inert atmospheres like argon or nitrogen. Only a
ew authors describe the treatment of precursor-based coatings

n oxygen containing atmospheres like air or helium/oxygen

ixtures. A clear incorporation of oxygen into the surface
p to a complete transformation into SiO2 films can be
etected.11,13,16,18

mailto:guenter.motz@uni-bayreuth.de
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.013
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In this work, we report on the influence of different coating
nd annealing parameters – especially the handling and pyrol-
sis atmosphere – on the film formation, the adhesion and the
esulting composition of the coatings. A possible treatment in air
ould simplify the process, since the need of inert atmosphere
s often a critical factor for applications of precursor systems.
he investigated films are based on the tailored solid and solu-
le ammonolysed bis(dichlormethyl)silylethane (ABSE) and on
erhydropolysilazane (PHPS).

Furthermore, the oxidation protection effect of coated stain-
ess steel substrates was evaluated by weight gain measurements
nd depth profiles of the chemical composition (diffusion of
xygen). From the achieved data, oxidation kinetics were deter-
ined.

. Experimental procedure

The ABSE polycarbosilazane is synthesised by ammonoly-
is of bis(dichloromethyl)silyl-ethane in toluene as described
lsewhere for other silazanes.29,30 The synthesis yield of the
olourless, brittle and meltable solid is about 75 wt.%. For the
oating process, solutions in toluene and ether with low viscosity
ere used.
The commercially available PHPS polysilazane is produced

y ammonolysis of the dichlorosilane SiH2Cl2.31 A solution of
aximum 20% by weight in dibutyl ether was used (PHPS NN

20-20, Clariant Advanced Materials GmbH, Sulzbach, Ger-
any).
Flat stainless steel plates (1.4016, 1.4301, thickness 1 mm)

ere cut into sheets with a size of 2.5 cm × 8 cm, cleaned in
cetone by ultrasonic treatment and dried. The samples were
ip-coated with a hoisting apparatus and the coating thick-
ess was adjusted by concentrating the solution and by varying
he hoisting speed between 0.1 and 0.5 m/min. Annealing of
he coated sheets was performed either in air (Nabertherm®

H 60/14, Nabertherm, Lilienthal, Germany) or in nitrogen
O2 < 50 vpm/F-A 100-500/13, GERO GmbH, Neuhausen, Ger-
any) at 800 ◦C for 1 h with heating and cooling rates were
K/min.

Static, isothermal oxidation tests in air (Nabertherm® LH
0/14) at temperatures between 800 and 1000 ◦C and holding
imes from 1 to 100 h were applied.

The coatings were examined by light microscopy, scan-
ing electron microscopy (1540EsB Cross Beam, Carl Zeiss
G, Germany) and transmission electron microscopy (Libra
00 FE, Carl Zeiss AG, Germany). The layer thickness was
easured with a Fischerscope® MMS (Helmut Fischer GmbH

Co.KG, Germany) by the eddy current method (ASTM
244) or by the profile method (DIN EN ISO 4287/MFW-
50 Mahr GmbH, Germany). The oxidation behaviour and
inetics of the coated and uncoated samples were anal-
sed by determining the weight change, scanning electron
icroscopy and glow discharge optical emission spectroscopy
GDOES/Spectruma GDA 750, Spectruma Analytik GmbH,
ermany).
Furthermore, precursor powder was milled and sieved to

grain size smaller than 32 �m. The powder was pyrolysed
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d
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ither in nitrogen or in air according to the thermal treat-
ent of the coatings and analysed by TGA (Linseis L81
1550, Linseis, Germany), coupled FTIR (Bruker Vector 22,
ruker Optik GmbH, Germany), coupled MS (ThermoStar
SD 301 T3, Pfeiffer Vacuum GmbH, Germany) and chemical

omposition measurements (Mikroanalytisches Labor Pascher,
ermany).

. Results and discussion

.1. Precursor properties and pyrolysis behaviour

The ABSE precursor structure is composed of two structural
lements, namely very stable five-membered carbosilazane rings
nd bridging linear carbosilazane groups (Fig. 1).32 The melting
oint is in the range of 90–150 ◦C depending on the molecular
eight.
The PHPS precursor contains no organic groups (Fig. 1).

ue to the large amount of Si–H functions, the PHPS is highly
eactive especially with hydroxyl groups.18

The pyrolysis behaviour of the polysilazanes was charac-
erised by TGA and coupled FTIR and MS measurements to
dentify gaseous pyrolysis products. Fine precursor powder
<32 �m) was used for the investigations in order to get similar
onditions compared to thin films.

As can be seen from Fig. 2, the conversion in nitrogen
tmosphere takes place in three steps. The cross-linking of the
recursors leading to unmeltable polymers occurs up to 200 ◦C
or PHPS and up to 300 ◦C for ABSE. No substantial mass loss
an be detected in this temperature range.

The intermediate step between 200 and 700 ◦C (PHPS) or
00 and 800 ◦C (ABSE) is characterised by a large mass loss
ecause of the transition of the polymers into an amorphous
ovalent ceramic. Mainly ammonia and methane (ABSE) or SiH
pecies and hydrogen (PHPS) are separated in this temperature
ange.

Above 700 ◦C (PHPS) or 800 ◦C (ABSE), no significant mass
hanges were observed for both systems. This last pyrolysis step
eads to a more compact, structured and rearranged material. The
eramic yield after thermal treatment at 1000 ◦C is 77 wt.% for
BSE and 85 wt.% for PHPS.
The TGA measurements of the ABSE and PHPS powders in

ir are given in Fig. 3.
The ABSE precursor shows a similar pyrolysis behaviour in

ir compared to annealing in nitrogen atmosphere. The main
ass loss occurs in the temperature range between 400 and

00 ◦C by separation of ammonia, methane and hydrogen. The
eramic yield after pyrolysis at 1000 ◦C increases to a value of
4 wt.%.

For the PHPS system, a remarkable weight gain due to oxi-
ation of free silicon and substitution of nitrogen by oxygen can
e detected. The main increase by incorporation of oxygen lies
n the temperature range between 150 and 400 ◦C despite the

eparation of ammonia and hydrogen in this range. The ceramic
ield after pyrolysis at 1000 ◦C is 118 wt.%. For a complete oxi-
ation into SiO2, the ceramic yield would be in the range of
43 wt.%.
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Fig. 1. Basic structure units of the ABSE (left) and PHPS (right) precursor.

Fig. 2. TG analyses of ABSE and PHPS powders (<32 �m) in nitrogen atmo-
sphere.

Table 1
Chemical composition of the precursors and the resulting ceramic residues.

Polysilazane Treatment Empirical formula

ABSE Initial state SiNC2H6

ABSE 1000 ◦C, 1 h, nitrogen SiN0.9C1.5O0.2

ABSE 1000 ◦C, 1 h, air SiN0.02C0.05O1.89
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HPS Initial state SiN0.81H2.5

HPS 1000 ◦C, 1 h, nitrogen SiN0.98O0.03

HPS 1000 ◦C, 1 h, air SiN0.47O1.08

The chemical composition of the polymers in the initial state
nd of the ceramic residues after pyrolysis at 1000 ◦C in nitrogen

r air is shown in Table 1.

The chemical analyses indicate that after pyrolysis at 1000 ◦C
n nitrogen the ABSE-based ceramic contains a free carbon

Fig. 3. TG analyses of ABSE and PHPS powders (<32 �m) in air.
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ig. 4. GDOES concentration–depth profile of an ABSE-based coating on a
.4016 steel sample after annealing at 800 ◦C for 1 h in nitrogen.

ontent of 32 mol%, whereas the PHPS-based material has an
xcess of 13 mol% silicon. Schwab et al.33 and Iwamoto et al.34

ublished similar results on PHPS-derived ceramics.
After pyrolysis for 1 h in air the composition of the fine ABSE

owder is nearly SiO2. Bahloul et al.35 also published the total
xidation of a polycarbosilazane by heat treatment in an oxygen
elium mixture at temperatures higher than 500 ◦C.

For the fine PHPS powder, however, no complete conversion
f the polysilazane into SiO2 under the chosen pyrolysis condi-
ions in air takes place. The residual nitrogen content is in the
ange of 12 wt.%.

.2. Chemical composition of the coatings

The chemical composition of ABSE and PHPS-derived coat-

ngs on steel after annealing at 800 ◦C either in nitrogen or in
ir is shown in Figs. 4–7 by GDOES depth profiles. Since no
ignificant mass change takes place between 800 and 1000 ◦C
see Figs. 2 and 3), the elemental compositions of the coatings

ig. 5. GDOES concentration–depth profile of a PHPS-based coating on a
.4016 steel sample after annealing at 800 ◦C for 1 h in nitrogen.
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ig. 6. GDOES concentration–depth profile of an ABSE-derived coating on a
.4016 steel sample after annealing at 800 ◦C for 1 h in air.

yrolysed at 800 ◦C can be compared to those of the powders
reated at 1000 ◦C (Table 1).

After thermal treatment in nitrogen (Figs. 4 and 5), the
oatings consist mainly of Si and N (PHPS) or Si, C, and N
ABSE). Compared to the chemical composition of the precur-
or powders, a greater incorporation of oxygen into the coatings
specially near the surface can be detected, which decreases with
oating thickness. The oxygen content originates from the han-
ling and processing of the coatings, where a short exposure to
xygen and moisture could not be avoided, and from the nitrogen
tmosphere used for the pyrolysis step, which includes oxygen
mpurities (O2 < 50 vpm). These results coincide well with the
nvestigations of Colombo and Mucalo.11–13 They describe a
trong dependency of the oxygen purity of the annealing atmo-
phere on the oxygen content in the coatings.

Figs. 6 and 7 show the ABSE- and PHPS-based coatings after
hermal treatment at 800 ◦C for 1 h in air. A clear incorporation of
xygen into the coatings leading to SiOx or SiO(N) ceramics can
e detected. Whereas the C and N content in the ABSE-based
oating is negligibly small, the N content in the PHPS-based
lm lies between 5 and 10 wt.%.

As can be seen, the results of the GDOES profiles coincide
ell with the chemical composition measurements on the fine

recursor-based powders. After pyrolysis in air at temperatures
igher than 800 ◦C, the composition of the ABSE-derived fine
owder and coating is approximately SiO2. For the PHPS-based
aterial, however, no complete conversion into SiO2 under the

ig. 7. GDOES concentration–depth profile of a PHPS-derived coating on a
.4016 steel sample after annealing at 800 ◦C for 1 h in air.
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ig. 8. Thickness of precursor-based coatings on 1.4301 steel samples, treated
n air at 500 ◦C for 1 h.

hosen conditions in air takes place. From the measurements,
e conclude that the pyrolysis of the PHPS system in air leads

o the formation of a compact and dense protective oxide layer
t the surface, and therefore to a closed system which retards
total oxidation of the polysilazane material. This protection

ffect cannot be detected that clearly for the ABSE system.

.3. Thickness and adhesion of the coatings

Precursor-based coatings on stainless steel substrates were
pplied from solutions of the precursors in toluene and ether. The
ayer thickness can be adjusted by the dip coating parameters,
specially the concentration or viscosity of the solution and the
oisting speed.36 Fig. 8 shows the resulting thickness of the
ilazane-based coatings on polished steel sheets after annealing
n air for 1 h at 500 ◦C as a function of precursor concentration
nd hoisting speed.

The coating thickness increases with hoisting speed and pre-
ursor concentration and attains values between 0.3 and 1.2 �m.
EM investigations show that the precursor-based coatings are
ense, uniform and homogeneous. Singular coated films thicker
han about 1.5 �m start to crack and split off if the heating rate
r pyrolysis temperature is too high. The low viscosity coating
olutions wet the substrate very well. Therefore, the roughness
f metal surfaces is levelled as presented in Fig. 9.

On steel, a natural oxide layer with adsorbed water is present
n air.37 Polysilazanes react with hydroxyl groups by the follow-
ng simplified reactions35:

e–OH+ ≡ Si–NH–Si ≡ → ≡ Fe–O–Si ≡ + H2N–Si ≡ (1)

e–OH + H2N–Si ≡ → ≡ Fe–O–Si ≡ + NH3 (2)

We conclude that direct chemical metal–O–Si bonds between
he steel and the precursor-based coatings are formed. Thus, the
dhesion of the precursor layers on metals should be very good.

The adhesion pull-off strength of the coatings (ASTM D
541) with a value higher than 38 N/mm2 supports our con-
lusion.
Furthermore, the excellent adhesion of the films via chemical
onding leads to the interdiffusion of the coating and the base
aterial after pyrolysis in air at 800 ◦C. Chromium from the

tainless steel diffuses into the coating, forming a diffusion layer
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ig. 9. Scanning electron micrograph of a PHPS-coating on stainless steel
.4301, treated at 500 ◦C for 1 h in air; cross-section prepared with the Focused
on Beam (FIB) technique.

ith a composition of Si, O and Cr at the interface (Figs. 6 and 7).
his fact is also shown by a TEM micrograph in Fig. 10, where

he diffusion layer can be clearly seen in the cross-section as a
righter region at the interface.

.4. Oxidation protection of steel

To investigate the protection effect of precursor-based coat-
ngs on stainless steel, different parameters – especially the layer
hickness, the annealing temperature, the annealing atmosphere
nd the precursor system – were varied. The main question was
ow the different polymer architecture, composition and pyrol-
sis behaviour of the two precursors ABSE and PHPS influence
he oxidation protection effect on steel.

As can be seen from Figs. 6 and 7, the handling and annealing
f the precursor coatings on stainless steel in air lead to a strong

ncorporation of oxygen into the layers. Therefore, the mass loss
nd the shrinkage due to the conversation of the polymer into a
eramic are smaller in comparison to the pyrolysis in nitrogen

ig. 10. TEM dark field micrograph of a PHPS-derived coating on 1.4016 steel
n cross-section, pyrolysed at 800 ◦C for 1 h in air (a: tungsten protective layer
or preparation, b: ceramic-like coating with diffusion layer (brighter region), c:
teel sheet).

c
t
a
a
c

F
a

ig. 11. Digital image of a 1.4301 steel sheet dip-coated with PHPS, oxidised
t 1000 ◦C for 1 h in air.

see Figs. 2 and 3). This enables thicker coatings without cracks
nd therefore a better protection effect against oxidation could
e observed. Because of this, only the results of the optimised
eramic coatings which were initially pyrolysed in air at 800 ◦C
or 1 h are presented in the following discussion.

Static isothermal oxidation tests were performed in air at
emperatures between 800 and 1000 ◦C for 1–100 h.

As shown in Fig. 11, a dark oxide film is formed on uncoated
tainless steel regions, whereas the precursor-coated area shows
he original metallic gloss up to an oxidation temperature of
000 ◦C.

SEM micrographs of coated and oxidised sheets are presented
n Figs. 12 and 13. Fig. 12 shows an oxidised sample at the tran-
ition of a PHPS-coated (above) to the uncoated region (below).

hereas crystalline chromium oxides can be seen on uncoated
reas, the precursor coating passivates the substrate very well.

This fact is also shown in Fig. 13, where the growing of
hromium oxides through a crack of the PHPS-coating after
xidation at 1000 ◦C can be seen. Cracks only appear at the
dges or near the border areas of the steel samples due to dip
oating inhomogeneities. Altogether, the SEM studies show that
he precursor layers are dense, protective, free of bubbles and

lmost free of cracks, whereas uncoated stainless steel oxidises
t temperatures higher than 800 ◦C by the formation of mainly
hromium oxides.

ig. 12. SEM micrograph of an oxidised (1000 ◦C, 1 h, air) 1.4301 steel sample
t the transition of PHPS-coated (above) and uncoated (below) region.
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ig. 13. SEM micrograph of a PHPS-coated and at 1000 ◦C for 1 h oxidised
.4301 steel sample.

For the evaluation of the oxidation kinetic mechanism, the
eight gain or the oxide scale thickness as a function of oxi-
ation time must be determined. Both values were measured.
y plotting the weight gain as a function of oxidation time, a
arabolic oxidation kinetic law could be observed. This is due
o the oxidation mechanism of silica former, where the oxygen
iffusion through a growing dense and protective oxide layer is
he rate-limiting process.28 But for investigating and comparing
xidation kinetics, the measurement of the oxide film thickness
s more meaningful than the determination of the weight gain,
ince the oxidation of different material systems leads to dif-
erent mass changes.22 Therefore, depth profile measurements
ere conducted by GDOES.
Fig. 14 shows the oxygen depth profiles of uncoated, ABSE

nd PHPS-coated steel samples, which were initially annealed in
ir at 800 ◦C for 1 h and then oxidised at 1000 ◦C for 10 h. As can
e seen from the figure, oxygen diffuses into the uncoated stain-
ess steel sheet to a depth of about 7 �m, whereas the oxidation
epth of both precursor-coated samples is much smaller. Due
o the rapid decrease of the oxygen concentration, the PHPS-

oating acts as the most effective diffusion barrier.

For the calculation of kinetic data, the oxide layer thickness
ust be determined. Because of the lack of a standard method for

alculating the silica thickness from GDOES profiles, the oxide

ig. 14. GDOES concentration–depth profiles of different 1.4301 steel samples
uncoated, ABSE or PHPS-coated and initially pyrolysed at 800 ◦C for 1 h in
ir) after oxidation at 1000 ◦C for 10 h.
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ig. 15. Oxide layer thickness of uncoated and PHPS or ABSE-coated (initially
yrolysed at 800 ◦C for 1 h in air) 1.4301 steel samples after oxidation in air for
0 h and temperatures up to 1000 ◦C, calculated from GDOES measurements.

ayer thickness was taken as the depth value, at which the oxy-
en content is reduced to 5% by weight in the GDOES profiles.
nalyses of LM and SEM cross-section micrographs support the

hickness values based on the GDOES measurements. Beyond
he precursor-coated samples, which were pyrolysed at 800 ◦C
or 1 h in air, a starting oxide layer thickness of 600 nm is
onsidered (see Figs. 6 and 7). The oxide layer thicknesses of
recursor-coated and pyrolysed or uncoated 1.4301 steel sam-
les after oxidation in air at different temperatures are shown in
ig. 15.

The parabolic kinetic constant can be calculated from the
xide layer thickness x(t) by the following equation:

2(t) − X2
0 = KT × t (3)

here KT is the kinetic constant at the temperature T, t is the
ime and x0 is the thickness of the silica layer for t = 0.

KT follows the Arrhenius law (4):

n KT = ln K0 − Ea

RT
(4)

here K0 is a pre-exponential parameter, R the ideal gas constant
nd Ea the apparent activation energy.23

The thermal dependence of the oxidation kinetic constant KT

f different samples is presented in an Arrhenius plot in Fig. 16.
Fig. 16 shows that the parabolic oxidation kinetic constants

f precursor-coated and in air pyrolysed sheets are as far as
o two orders in magnitude smaller than that of the stainless
teel 1.4301. Especially the increase of the oxidation constant
f uncoated stainless steel at 1000 ◦C can be effectively reduced
y the coatings.

As can be seen from the oxidation studies, the best results are
chieved with SiO(N)-gradient coatings about 1 �m in thick-
ess. The shrinkage of the precursor coating during annealing

nd the thermal expansion of the steel cause cracks if the coat-
ngs are too thick. Annealing at a temperature of 800 ◦C for 1 h
s sufficient to generate ceramic-like coatings. Furthermore, the
GA investigations (see Figs. 2 and 3) showed that the weight
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ig. 16. Arrhenius plot showing the thermal dependence of the oxidation
arabolic kinetic constant (KT) in air for uncoated and ABSE or PHPS-coated
initially pyrolysed at 800 ◦C for 1 h in air) 1.4301 steel samples.

ain/loss of the precursors between 800 and 1000 ◦C is negligi-
ly small so that the mass changes can be clearly attributed to
he oxidation of the steel samples.

The precursor-based coatings act as an effective diffusion
arrier forming a complex, amorphous and gradient Si(N)CrO
ayer at the surface after thermal treatment in air. The same
arabolic oxidation mechanism that was published by Chollon23

or ceramic fibres can be found for precursor coatings on steel.
PHPS films show a better protection effect than ABSE-based

oatings. This is due to the higher ceramic yield of the PHPS
ystem, resulting in very dense, well adherent and passivating
arrier coatings. Furthermore, the free Si content in the PHPS
recursor system offers a self-healing effect because of the for-
ation of additional SiO2 at high temperatures (Eq. (5)):

ifree + O2 → SiO2 (PHPS) (5)

The oxidation category temperature of 800 ◦C for the exam-
ned steel grades, which represents the maximal temperature
or using in air,38 can be improved up to 1000 ◦C by the coat-
ngs. This means, that for high temperature applications without
ery high tribological stresses, special steel grades or refractory
lloys could be replaced, leading to reduced costs and partially
impler processing properties.

. Conclusion

The special tailored ABSE precursor and the commercially
vailable PHPS polysilazane are very suitable to protect metals
rom oxidation. The coatings can be applied by simple dip- and
pray-coating techniques. Due to the reactivity of the silazanes,
irect chemical bonds between the coating and the substrate are
ormed, leading to excellent adhesion.

After thermal treatment at temperatures higher than 800 ◦C,
eramic-like gradient coatings on stainless steel are generated.
he resulting composition of the coatings mainly depends on the

yrolysis atmosphere. Precursor-based coatings protect stainless
teel sheets (e.g. AISI 304) from oxidation up to 1000 ◦C. The
esulting gradient Si(N)CrO-layers in the surface act as an excel-
ent diffusion barrier against oxygen and reduce the weight gain
nd the oxidation kinetic constant up to two orders in magnitude.
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