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Introduction

Surface coatings to protect against oxi-
dation extend the service temperature
and the service life of basic metals. The
commercially used coating systems can
be divided into three main groups: first
diffusion layers based on Al, Cr or Si
which will be converted to correspond-
ing protective oxide phases during the
service, second M-Cr-Al-X based over-
lay coatings where M refers to Ni or Co
and X refers to oxygen-active elements
such as Y and Hf, third thermal barrier
coatings consisting of an overlay coating
and a zirconia coating. These coatings
are produced mainly by methods like
PVD, CVD and plasma spraying [1].
Compared to highly sophisticated com-
mercial coating methods, slurry based
oxidation protection coatings for metals
are very interesting because of their sim-
ple applicability even to complex shaped
parts. Pandey et al. report the efficiency
of different slurry based coating systems
including different phosphate bonded
oxides and oxide mixtures with respect
to their oxidation protection for carbon
steels [2]. Slurries containing a mixture
of zirconia and metallic components such
as W, Co, Cr and organic binder applied
by dipping, painting or spraying were
also used for the preparation of oxida-
tion protecting coatings [3]. The reaction
bonding of alumina with metallic alu-
minum to produce near-net-shape bulk
ceramics by reaction sintering at moder-
ate temperatures (RBAO) was developed
by Claussen et al. [4]. In this method,

the metal phase oxidizes to alumina and

the volume expansion ocurring during
the oxidation partly compensates for the
overall shrinkage. The advantage of this
RBAO (Reaction Bonded Aluminum
Oxide) technique concerning the re-
duced shrinkage is also necessary for the
preparation of crack-free/crack-reduced
ceramic coatings on rigid substrates.
Some work can be found in the literature
concerning the use of RBAO technique
for oxidation protection and surface seal-
ing [5-7]. Wang et al. describe a coat-
ing method by modified electrophoretic
deposition with Al containing slurries on
Fe-Cr-Al steel substrates, giving no detail
about the performance of such coatings.
Mechnich et al. use slurries of AlI/AL O,
mixtures to coat highly porous ceramic
matrix composites with a dense layer to
reduce their permeability [6, 7]. How-
ever, publications concerning the oxida-
tion protection of carbon steels (which
are widely-used and easily oxidized under
with  RBAO-based

coatings could not be found.

high-temperature)

Therefore, the aim of the present work
was to test a RBAO-based coating sys-
tem for its ability to prevent high-tem-
perature oxidation of carbon steels. The
system consisted of a mixture of alumina
and aluminum powders in ethanolic sus-
pensions. To increase the initial packing
density powder mixtures of two different
particle size ranges were used as alumina
source. It is expected that green coatings
with higher green densities should result
in fired coatings with improved perfor-

mance.
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Experimental

For the preparation of ethanol-based
coating slurries the following starting
powders were used: alumina (corundum)
in two different particle size ranges with
specific surface areas of 7.5 m?/g and
1.5 m?*/g and metallic aluminum powder
with a particle size range of 0-50 pm (Al-
Spriihgrieb, 0-50 pm, Possehl Erzkontor,
Liibeck). The ratio of fine grained alumi-
na/coarse grained alumina was 38/72 by
volume. The aluminum/alumina volume
ratio varied between 0.2 and 1.0. Eth-
anolic slurries with a total solid content
of 50 wt.% were prepared by attritor
milling with alumina balls for 3 h. As a
dispersing aid for the slurries an organic
acid (trioxadecanoic acid) was used. The
all-side coatings on plates from carbon
steel (Nr. 1.0330) of different thicknesses
were prepared by spraying. The oxidation
kinetics of coated and non coated steel
samples were characterized by thermo-
gravimetric measurements on samples of
dimensions 5 x 5 x 1.5 mm? (Netzsch,
STA 449C). Large size samples of dimen-
sions of 100 x 100 x 1.5 mm?® were an-
nealed at 950 °C in air atmosphere (heat-
ing rate 10 K/min, cooling rate 15 K/
min). The degree of oxidation was de-
termined quantitatively by light/electron
microscopic examination of polished

cross sections of the oxidized samples.

Results and discussion

The aluminum powder used for the coat-
ing formulations consists of nearly spheri-

cal particles ranging from few pm to 20-

30 pm (Figure 1a). The morphological
changes of this powder as a result of ball
milling in ethanol for 3 h are shown in
Figure 1b. Obviously a significant plas-
tic deformation of the single aluminum
particles took place during this treatment
resulting in a plate-like structure (aspect
ratio > 3). This plate-like structure was ex-
pected to be more adequate for coatings
with smooth surfaces, even for systems
containing large particles as in the present
case. This assumption was proved correct
by the observation of the surface morphol-
ogy of a sprayed coating prepared from
slurries with ALALO, ratio of 50:50 by
volume as shown in Figure 1c. The coating
shows good coverage of the steel substrate
and relatively smooth with some rises and
dimples. The alumina fraction of the coat-
ing seemed to fill the voids between the
Al-platelets, as expected.

Oxidation tests of steel samples coated
with formulations containing different
amounts of metallic aluminum revealed
that an aluminum content of around
50 vol.-% was needed to achieve an op-
timal oxidation protection (Figure 2a).
Apparently, formulations with these
compositions also result in coatings with
optimal density. This can be verified by
considering the volume expansion of
metallic aluminum during the oxidation
reaction. Volume expansion during the
oxidation of metallic aluminum amounts
to 27.6 % with respect to the initial vol-
ume of aluminum. By assuming an ini-
tial coating density of 80 % (determined
indirectly on slip casted samples from

slurries with a AI:AL O, ratio of 50:50 by
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Figure 1: Effect of ball milling on the morphology

of aluminum powder and a representative top view
of a green coating on steel prepared by spraying. a)
(top) SEM picture of as received aluminum powder,
b) (middle) the same powder after ball milling for 3

h, ¢) (bottom) top view of a green coating.
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content would tend to crack thereby re-
ducing their performance with respect to
oxidation protection as was seen experi-

mentally (Figure 2a).
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show that the optimal coating thickness
seems to be approximately 40 pm (Fig-

ure 2b), which relates to the upper limit

Following the optimization of the com-
position and coating thickness the influ-
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annealing of large sized samples on which
cross sections were observed with respect to

oxidation propagation (Figure 3). The plot
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alumina (to demonstrate the exhibit of

metallic aluminum addition), respectively.

Non-coated samples and samples coated 01 0 ' 2I0 = 3'0 : 4'0 : 5'0 . 6'0 . 7'0

with alumina mixtures show similar oxida- Coatin g Thickness [um]

tion character, indicating a strong weight

gain at the beginning of isothermal hold- Figure 2: Optimization of the coating formulation with respect to aluminum content and coating thick-

ing at 950 °C which decreases with time ness. a) (top) Oxidation vs. aluminum content, b) (bottom) oxidation vs. coating thickness.
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and becomes almost linear after 60 min.
The coatings with an alumina mixture ef-
fect only a minor decrease of weight gain
compared to the non-coated samples and
thus, seem to be not effective for oxidation
protection. The reason is that alumina and
even alumina mixtures can not form a dense
protecting layer at temperatures of 950 °C
due to low sintering activities. In contrast,
samples coated with AL:ALO, show from
the beginning of the isothermal holding
a nearly continuously decreasing weight
gain which indicates diffusion controlled
oxidation through dense protecting layers
(total weight gain after 120 min isothermal
holding, 110 pg/mm? for AL:ALO, coated
samples, 350 pg/mm? for non-coated sam-
ples, respectively). The effect of long term
air annealing on the oxidation propagation
of coated and non-coated steel samples is
shown in Figure 3b. It can be clearly seen
that AL:ALO, coatings are very effective for
oxidation protection. After 10 h holding
at 950 °C in air only 20 % of the initial
thickness of the steel samples is lost if they
are coated. In case of non coating almost
85 % will be lost. In contrast, coatings from
phosphate bonded oxide mixtures allow
under similar conditions only an oxidation
protection of around 50 % as reported by
Pandey et al. [2].

Quantitative and qualitative microstruc-
tural analysis were carried out on polished
cross sections of the samples by SEM and
EDX analysis, respectively (Figure 4). Fig-
ure 4a shows a SEM picture of a coated
sample which was heated to 950 °C and
cooled down to room temperature after

1 min holding time. The coating seems

to be dense (closed porosity) with some
large pores inside the coating. The cross
section clearly shows crack formation
along the phase boundary between metal
and coating. Therefore, the scales formed
is easily removable. The coating seems to
consist of different phases. A closer look
by EDX reveals that aluminum, iron and
oxygen are detectable over the coating in-
dicating alumina and iron oxide phases
might be present. No metallic aluminum
cluster could be found by EDX. But, in
samples which were annealed at 950 °C
for 1 min metallic aluminum could be
detected by XRD measurements. The re-
sults of EDX analysis on locations labeled
as 1-8 on the SEM picture in Figure 4a

are shown in Table 1.

Location FIentensny LCIOUHIS] 5
! 3423 0 0
2 3258 0 0
3 2212 0 0
4 333 | 4188 | 1972
5 120 4284 | 1798
6 0 4805 | 1705
7 403 | 2591 | 1597
8 901 386 | 1269

Table 1: Results of EDX analyses on sample in
Figure 4a.

After a long time exposure to air at
950 °C for 5 h a formation of FeO,
scale takes place, not only between the
AI:AIZOS coating and metal substrate, but
also above this coating as outer layer. This
behavior indicates that the Al:Al,O, coat-

ing must be partly permeable for Fe and
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Figure 3: Oxidation behavior of samples during iso-
thermal holding at 950 °C in air. a) (top) TG plot,

b) (bottom) furnace annealing.



also for O with local permeability differ-
ences (Figure 4b).

Summary and conclusions

Coatings containing Al and Al O, binary
mixtures with an Al content of 50 vol.-%
and a thickness of 40 pm result in a signifi-
cant reduction of the oxidation of steel at
high temperatures. The scale formed can
be easily removed due to crack formation
along the phase boundaries of metal and
coating. Thus, this coating system can be
used as temporary coating to reduce scal-
ing loss. There is an additional potential
for the further improvement of the coat-
ing properties to be used as permanent
protective coatings by reducing/prevent-
ing the crack formation through optimi-
zation of the processing and the starting
powders, especially metallic aluminum.
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Figure 4: SEM pictures of Al:Al O, coatings after an-
nealing at 950 °C in air. a) (top) SE picture, 950 °C,
1 min, b) (bottom) BSE picture 950 °C, 5 h.



