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Abstract

The corrosion behaviour of Siz;Ny4-ceramics with different grain boundary compositions was investigated in H,SO, with different concentrations
at 90 °C and was compared with the corrosion behaviour of glasses. In part I of this paper the influence of temperature was investigated [Schilm,
J., Gruner, W., Herrmann, M. and Michel, G. Corrosion of Si3N4-ceramics in aqueous solutions, J. Eur. Ceram. Soc., 26 (2006) 3909-3917] The
investigation showed that the corrosion rate as well as the corrosion mechanisms strongly depend on the concentration and temperature of the acid and
the composition of the grain boundary phase. The observed dependencies allow the prediction of the corrosion behaviour of silicon nitride ceramics
in acids. The investigation of the morphology of the corrosion layers by SEM and TEM proves that the observed passivation of the materials during
corrosion in H,SO,4 with concentrations higher than 0.5 mol/l is caused by the formation of SiO,-rich layers inside the corroded triple junctions.
The experimental results were discussed in terms of corrosion mechanisms allowing a qualitative prediction of the corrosion behaviour at least.
The corrosion resistant Si;N4-materials can be reached by tailoring the amount and composition of the grain boundary phase.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction Si3N4 ceramics characterized in the first part (Table 1) in acidic
environments with different concentrations.! Additionally the
Silicon nitride materials are one of the most prominent struc- corrosion behaviour of two oxynitride glasses was tested. The

tural ceramics and are applied in areas in which properties like details of the preparation are given in Ref. 7.
high strength, fracture toughness, hardness and corrosion resis-
tance are necessary, such as ball bearings, cutting tools, parts
in heat combustion engines. In addition to silicon nitride grains
silicon nitride materials contain the grain boundary formed by
the sintering additives and the SiO», existing on the surface of
the starting SizN4-powder. The corrosion resistance of Si3Ny
materials in acids strongly depends on the composition of the
grain boundary phase, especially on the SiO; content of the
grain boundary phase.'"® The systematic investigation of the
influence of the grain boundary composition on the corrosion
resistance in 0.5 mol/l H,SO4 was the main topic of the first
part of the articles.! The subject of the second part of this
study is the evaluation of the corrosion behaviour of selected

2. Experimental

Series of materials were produced with a systematic varia-
tion of the sintering additives. The compositions are given in
Table 1. Details of the compositions, starting powders, prepa-
ration and methods of analysis of the ceramics and glasses are
given in part 1." The mean width of the grains was in the range
of 0.5-0.7 wm. Typical microstructures are given in Fig. 1. As
was shown in part I, more than 95% of the grain boundary phase
is concentrated in the triple junctions for materials with more
than 5 vol.% grain boundary phases. The volume content of the
grain boundary can only be approximated due to the unknown
density of the grain boundary. Assuming a density of 4 g/cm?

* Corresponding author. which was observed for oxynitride glasses of similar composi-
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Table 1

Compositions of the grain boundary phases of all Si3sN4 materials after sintering calculated with respect to the mass content of the grain boundaries and of the two

investigated glasses

Material Amount of grain boundary Compositions of the grain boundary phases calculated from the oxygen
phase (mass%) distributions in the sintered ceramics!
Si0, (mol%) Al,O3 (mol%) Y>03 (mol%) Si3N4® (mol%) MgO (mol%) X

KORSIN 4 9.8 43.0£25 15.0£2.0 350£1.6 7.0 1.38
KORSIN 2a 12.6 57.0+1.8 13.1+14 23.04+0.9 7.0 2.45
KORSIN 5 17.9 545+£1.0 17.0£0.8 21.5+£06 7.0 2.57
KORSIN 6 14.6 623415 122+1.2 18.54+0.7 7.0 2.80
KORSIN 8 13.7 60.0£1.6 12.8+1.3 202+£0.7 7.0 2.68
KORSIN 9 14.3 612415 128+1.3 19.04+0.6 7.0 2.76
KORSIN 7 10.1 74.8+1.7 1.8£15 18.3+£0.8 7.0 2.80
SNO 11.9 523420 152+1.6 255+1.0 7.0 2.26
SN3 10.8 504+£22 13.0£1.7 29.6£13 7.0 1.90
SN2 44 752405 0.1 45+0.1 7.0 133 £03 3.43
Glass GLAYS® 50.0 25.0 20.0 5.0 2.61
Glass GLAY13¢ 57.0 30.0 10.0 3.0 3.25

2 Assumed as 17 eq.% N.
b Oxynitride glasses

¢ X-numbers of bridging anions: X = 8 — 2 - ([O] 4 [N]/[Si] + (2/3)[Al]); [O], [N], [Si] and [Al] are concentrations in atom%.

Fig. 1. FESEM-micrographs of polished etched sections of the materials SN3
(a) and SN2 (b).

80% of the weight fraction i.e. less rhan 15 vol.%. The mean area
of the triple junctions was in the range of 0.04—0.06 wm? for the
different materials.’

All corrosion tests were carried out in a 1.5-1 Teflon reaction
vessel equipped with Teflon sample holders. The test samples
were plates with dimensions 16 mm x 16 mm x 2.5 mm. The
ratio between the surface of the samples and the volume of the
acid was lower than 0.005 m~'. The solutions were continuously
stirred and completely changed after certain times to avoid a
strong enrichment of dissolved glass components. This setup is
necessary to avoid experimental disadvantages which have been
found in the reviewed literature. A thermostat filled with silicone
oil was used to heat the vessel. The requested temperature was
maintained within a range of £0.5 K.

The standard preparation procedure before and after all corro-
sion experiments was to wash the samples in acetone for 10 min,
to rinse them with deionised water, to dry them for >2 hat 150 °C
and to weigh them on a microbalance (Am=0.01 mg) aftera2h
cooling period.

Cross sections of the corroded samples were investigated
by optical microscopy and SEM. Corrosion indicators like the
thickness of corroded layers were evaluated by quantitative
image analysis (Image Tool v3). The thickness of the corro-
sion layer was measured on cross sections as an average of the
area of the layer divided by the length of the measured window.
The typical errors of determination of the thicknesses were less
15% for thicknesses of up to 50 wm and less than 5% for the
thicker corrosion layers.

In all figures the thickness of the corrosion layer is the thick-
ness of the whole layer and not the thickness of sublayers. The
chemical composition across the corrosion layers were ana-
lyzed by EDX. Therefore, the samples were coated with carbon.
Selected samples were analyzed by TEM.

The strength was measured on bending bars 3 mm x 4 mm
X 45 mm in four-point bending (fixtures: 40/20 mm loading rate
0.5mmmin~1).
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Fig. 2. Dependence of the corrosion of SN2 (weight gain (a) thickness of the
corrosion layer (b) and SN3 (c) on the corrosion time in sulphuric acid with
different concentrations (in mol/1) at 90 °C.

3. Results

3.1. Corrosion of ceramics and oxynitride glasses in
H>S04 of different concentrations

The materials SN3 (Y203/Al;03 sintering additives) and
SN2 (MgO/Y>03/Al,03 sintering additives) with different com-
positions and amount of grain boundary phases were corroded in
H>S0O4 at 90 °C in a concentration range between 0.00005 and
3 mol/l (Fig. 2). Bending bars were chosen for these experiments
to receive additional information about the residual bending
strength of the materials.

Material SN2, which has a grain boundary phase that is very
stable in acids, exhibited only a small increase of weight loss

Table 2

and no significant change in the character of the overall cor-
rosion behaviour with changing H>SO4 concentrations. Even
after 300 h of corrosion the mass losses vary only between 0.02
and 0.11 mgem™2. Due to small mass losses, changes in the
corrosion mechanism are rather hardly recognizable. Neverthe-
less, in this material there is also the tendency that the corrosion
in 0.05 mol/l H,SOy is stronger than in more concentrated and
more diluted acids. The residual bending strength of SN2 sam-
ples after corrosion in 0.00005 mol/l acid did not significantly
changed in comparison to the initial strength (Table 2) which can
be correlated with the low mass losses in this medium. In the
more concentrated solutions the residual strength was reduced
by ~150 MPa compared to the original value (Table 2). This
was found despite the fact that no corrosion layer was observed,
indicating local pit formation.

A strong dependence of the corrosion kinetics on the con-
centration of H>SO4 was observed for the material SN3. Except
for a 0.00005 mol/l sulphuric acid the measured mass losses
were 1000 times greater than those of the material SN2. At
a H»SOy4 concentration of 0.00005 mol/l the mass loss after
300 h of corrosion reached 0.18 mg cm™2. This small mass loss
was accompanied by a reduction of the bending strength from
985 MPa in the initial state to 819 MPa (Table 2).

At higher concentrations of the acid the observed mass losses
increased strongly and the time dependent plots had significant
curvatures. During corrosion in 0.5 mol/l H;SO4, SN3 exhibited
a pronounced passivation behaviour as described in the first part
of the paper for materials with similar composition.! A similar
behaviour like in 0.5 mol/l HySO4 was observed in acids with
higher concentrations (1.5 and 3 mol/l). Despite the higher initial
dissolution rates up to 10—16 h the passivation in concentrated
H>SOy4 occurs after shorter corrosion times and at significant
lower mass loss levels. The consequence of this behaviour was
the increased stability with increasing concentration of the acid
(Figs. 2 and 3).

The residual bending strength of the SN3 samples after 300 h
corrosion in 0.014-3 mol/1 sulphuric acid dropped to 470 and
600 MPa (Table 2). The lowest residual strength was observed
for the samples corroded in 0.5 mol/l H,SOj4. This corresponds
with the mass losses of the samples.

Oxynitride glasses of compositions that are similar to the
grain boundaries of the Si3Nj-materials investigated in this
paper, showed linear corrosion kinetics for both the mass loss

Residual strength and thickness of the corrosion layer after 300 h corrosion in HySO4 with different concentration

Concentration (mol/l) Residual bending strength (MPa)

Thickness of the corrosion layer (pm)

SN2 SN3 SN3

847 £103* 985 + 22° -
0.00005 791+ 69 819 £+ 18 <10
0.014 7024+ 104 593 £43 755
0.05 702440 470 £+ 55 1250
0.5 732+41 547 £ 16 1390
1.5 693 +53 520 £+ 44 630
3 - 605 £ 30 600

SN2 shows only some pittings on the surfaces of the samples but no measurable thickness of the corrosion layers.

2 Initial values.
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Fig. 3. Dependence of the weight losses during corrosion at 90 °C as a function
of the concentration of the acid after 16 and 300 h corrosion time.

and the changes of the dimensions in 0.5 mol/l H,SO4 at 90 °C
as demonstrated in the previous publication.” In Figs. 4 and 5,
the behaviour of two glasses with different silica contents is
shown. In 0.05 mol/l and in 3 mol/l H»SO4 at 90 °C linear time
dependencies of the weight loss and of the reduction in thick-
ness were observed at least for corrosion times higher than 5h
(Figs. 4 and 5). The SiO; rich glass GLAY 13 is more stable
in H,SO4 than the glass GLAY8. With a rising concentration
of the acid, the corrosion rate of the less stable glass GLAYS8
increases. For the relatively stable glass GLAY 13 the corrosion
rate in 3 mol/l H»SOy4 is much lower than in 1N H,SOy. This is
an evidence for passivating mechanisms.

Fig. 6a—d shows SEM images of glass sample GLAYS8 and
GLAY 13 after corrosion in 0.05 and 3 mol/l HSO4. The appear-
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ance of broad and flat pits on the surface after corrosion of
the glasses is typical for the corrosion in 0.5mol/l HySO4
(Fig. 6a and c). This feature is also known from the corrosion
of other glasses in aqueous media. Under these conditions the
corrosion leads to a complete dissolution of the glass network
without any layers as shown by EDX. Also additional XRD
analyses of the corroded sample gave no hints for crystallized
products.

The corrosion rate of the more SiO; rich glass GLAY 13
in 0.5 mol/l HySOy is higher than in diluted and concentrated
H,SOy4. The reason for the reduced corrosion rate in 3 mol/l
H,S0y is the formation of a SiO; rich surface layer (Fig. 6d).
This was shown by EDX-analyses of the corroded surface. The
analyses reveal a strong enrichment of silica compared to the
original composition of GLAY13. The deposited SiO; layer
has a very high roughness as seen in Fig. 6d. The amorphous
structure of this layer was proven by XRD. Such a corrosion
layer was not observed after corrosion of GLAY 13 in 0.5 mol/l
H>S0O4 at 90 °C. In 3 mol/l H,SO4 also GLAYS8 showed a dif-
ferent surface morphology compared to the observations made
after treatment in 0.5 mol/l HySO4. By means of EDX analy-
ses small and isolated deposits on the surface were identified as
SiO; rich particles. After corrosion in 0.05 mol/l HySO4 only
isolated SiO;-rich deposits could be observed on the surfaces of
GLAY 13 samples but no continuous layer as after corrosion in
3 mol/l H2804.

These results suggest that the observed passivation during
corrosion of the Si3N4 materials is connected with the formation
of SiO; rich layers. Therefore, the morphologies of the corrosion
layers of the material SN3 were investigated more detailed (see
Section 3.3).
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Fig. 4. Mass loss and reduction in the thickness during corrosion of the glass GLAYS in 0.05, 0.5, and 3.0 mol/l H,SO4 at 90 °C.
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Fig. 5. Mass loss and reduction in the thickness during corrosion of the glass GLAY 13 in 0.05, 0.5, and 3.0 mol/l H,SO4 at 90 °C.



J. Schilm et al. / Journal of the European Ceramic Society 27 (2007) 3573-3588 3577

(©

Fig. 6. SEM micrographs of GLAYS (a and b) and GLAY 13 (c and d) after corrosion in 0.5 mol/l HSO4 (a and c) and in 3 mol/l HySOj4 (b and d) at 90 °C after

(70h).
3.2. Analysis of the eluate during corrosion

The corrosion behaviour of the material SN3 was also inves-
tigated by measuring the concentration of the dissolved ions by
ICP/AES. The results of the eluate measurements are given in
Fig. 7. Beside the values measured, the data of the concentra-
tions calculated from the thickness of the corrosion layer and
the composition of the grain boundary are given.

The values calculated for Y,03 match perfectly the measured
data. The measured concentrations of Al,O3 is slightly higher
than the calculated ones by the dissolution of the grain bound-
ary. This could be connected with slightly too high z values
determined or with some dissolution of Si3N4 grains. The dis-
crepancies between the measured and calculated data are much
higher for the SiO; content. In the period up to 25h the mea-
sured values show the tendency of higher values in comparison
to the calculated ones. For longer corrosion times less SiO»
was measured than expected based on the composition of the
grain boundary. This is an indication that the SiO; of the grain
boundary was not completely dissolved during the long-term
experiments. This process can be schematically described by
the following equation:

SiO;(glass) +nH,O — SiO,-nH;0 @))

The measured weight losses and the calculated weight losses
based on the concentrations of the components in the eluate
are shown in Fig. 7b. It is obvious that more components than

expected from the weight loss are leached out. This can be caused
by the partial hydrolysis of the Si3Ny grains by the reaction:

SizsN4 4+ 3(n +2)H,0 + 4H'T — 3Si0,-nH,0 + 4NH4™ (2)

The formed SiO; only partially dissolves in the solution.
The formation of precipitated in the triple junctions SiO»-nH>O
results in weight gain. This compensates the weight losses due
to leaching. Corrosion rates of 10~'® cm?/h (parabolic rate con-
stant), as observed for the hydrolysis of Si3N4 powders in water
at 100 °C,” result in the reduction of grain sizes of approximately
1 nm in 100 h. Considering the high specific surface area of the
corroded layer, this hydrolysis could be a source for the dis-
crepancy of the weight losses, and the measured concentration
(reaction (2) result in weight gain).

Detailed investigations of the corrosion layer were carried
out to prove these findings.

3.3. Morphology of the corrosion layers

In Fig. 8, the mass loss of the material SN3 normalised on the
corroded volume is given as a function of time for the corrosion
in 0.5 and 0.05 mol/l H,SO4 at 90 °C. The data were calculated
by the ratio of mass loss and the volume of the corrosion layer.
They characterize the amount of the grain boundary phase that
is leached from the unit corroded volume. It is clearly recog-
nized that the grain boundaries were more completely leached
by 0.05mol/l HSO4 than by 0.5 mol/l HySO4. On the other
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Fig. 7. (a) Concentration of Y, Al and Si in the solution as a function of cor-
rosion time of SN3 in 0.5 mol/l H,SO4 at 90 °C; the original concentrations
were recalculated in the weight of oxide solved. Additionally concentrations are
given, which were calculated on the basis of the composition of the grain bound-
ary and the thickness of the corrosion layer; (b) weight loss data calculated from
concentrations of the dissolved ions in comparison with the measured weight
losses.

side the values observed for 0.05 mol/l H,SO,4 agreed with the
amount of grain boundary existing in the uncorroded sample
(350 + 5 mg/cm?) values were calculated using the mass con-
tent of grain boundary (Table 1) and the density of the material
3.243 g/cm?).!

These results reveal that components of the grain bound-
ary phases must remain inside the corroded triple junctions
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Fig. 8. Leaching degrees of SN3in 1.0 and in 0.1N H>SOj4 at 90 °C as a function
of corrosion time.

in the case of corrosion in sulphuric acid with concentration
>0.5 mol/l. This could be confirmed by analysing the cross sec-
tions of the corroded samples (Fig. 9). The observation of the
corrosion layers using a stereomicroscope revealed the existence
of at least two different sublayers when a certain thickness of the
corrosion layer has been reached. These sublayers were iden-
tified independently from the corrosion conditions with light
microscope. As an example the morphology of the corrosion
layers of SN3 at 90 °C in H,SO4 with different concentrations
are depicted in Fig. 9. It can be recognized that the formation
of the inner, light shaded layer occurs after the strong reduction
of the corrosion rate. As far as we aware these conditions are
given at temperatures of at least 90 °C in acids of a 1 mol/l or
even higher proton concentration.

Single corrosion layers or double layers with a less pro-
nounced transformation in the corrosion kinetic were observed
in samples which were corroded in more diluted acids (<1 mol/l
proton concentration) at temperatures of 90 °C and at lower tem-
peratures in acids with 1 mol/l proton concentration. Similar
behaviour was observed by Schilm®3 and Seipel®® before. It
has to be mentioned that even very small changes of the refrac-
tive index on the surface of an observed sample can be seen
clearly using light microscope. Such changes in the refractive
index can be caused by smallest silicatic depositions inside the
corroded triple junctions. Unfortunately, this effect cannot be
used to judge even qualitatively about the amounts of deposited
silica.

A more detailed examination of the layers by scanning elec-
tron microscopy revealed clearly, that the outer corrosion layer
has a greater porosity than the inner layer (Fig. 10). The EDX
analysis discovered higher oxygen content of the inner corrosion
layer in comparison to the composition of the outer layer. These
results can be taken as a hint for hydrated silicatic deposits in
the corroded triple junctions and some hydrolysis of the Si3Ny-
grains. It was also determined qualitatively by EDX analysis
that the extent of the enrichment and the density of these sili-
catic deposits depends significantly on the corrosion conditions
and the thickness of the corrosion layer. In the case of passi-
vation during corrosion in the inner corrosion layers an higher
oxygen content could be observed. Under corrosion conditions,
where no changes in the corrosion mechanisms were observed,
no significant increase of oxygen concentration was observed,
proving a less amount of precipitated SiO»-nH>O. In the sample
SN3 leached in 0.05 mol/l H;SO4 such differences in porosity
and oxygen content could not be observed.

It is also visible that Al is only partially dissolved during the
corrosion. This correlates with the amount of Al incorporated in
the Si3;Ny-lattice.

TEM investigations of the corroded microstructures of
samples SN3 confirm these findings.! The TEM images
(Fig. 11b—d) showed corroded triple junction with deposits in the
triple junctions especially at the grain edges. It was observed by
EDX that the deposits consist mainly of silicon and oxygen. The
TEM investigations confirm an amorphous state of the silicatic
deposits. The TEM-examination of the outer layer (Fig. 11b)
revealed that only very thin hydrated layers on the surface of the
Si3Ny grains exist in this region.
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Fig. 9. Optical micrographs of the material SN3 after corrosion in HySO4 with different concentrations after 300 h at 90 °C; (a) 0.014 mol/l H,SOy4, (b) 0.05 mol/l
H,S04, (c) 0.5mol/l H,SO4 and (d) 3.0 mol/l H,SOy4.
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H,S04 at 90 °C for 220 h (polished cross section).
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Fig. 11. TEM-micrographs of the material SN3: (a) uncorroded samples (b) outer corrosion layer, (c) and (d) inner corrosion layer. The deposition of SiO, reach
remaining grain boundary was observed in the inner corrosion layer (GB—grain boundary).

4. Discussion
4.1. Corrosion mechanism

4.1.1. Overall figures

The corrosion process of the Si3Ns-materials is influenced
by different processes. At first, it is caused by transport process
from the solution to the surface of the material. This process is
not discussed in this article and its influence is minimised by the
experimental set up.

Secondly, there are the chemical processes resulting in the
dissolution of the grain boundaries and the grains. These pro-
cesses are strongly dependent on the acid concentration and the
composition of the grain boundary. They are decisive in the
beginning of the corrosion (linear corrosion rates).

With the formation of the corrosion layer of several hun-
dred pwm, additional processes take place which can determine
the corrosion under certain conditions. These processes are con-
nected with the formed pore structure of the corrosion layer. The
typical pore channels are in the range of 1 wm or less.

The overall analyses of the experimental results show that
the corrosion rate of the grain boundary phase in silicon nitride
ceramics is commonly higher than the corrosion of the grains.
Therefore, the corrosion behaviour of silicon nitride ceram-

ics mainly depends on the amount and composition of the
grain boundary phase which forms a three-dimensional skele-
ton, even at a low additive contents (see for example4). The
low corrosion of the grains in comparison to the grain bound-
ary phase is in agreement with the corrosion rates of less than
10~ 16 cm?/h (parabolic rate constant) observed for the hydroly-
sis of Si3N4 powder in water at 100 °C>? and the much higher
values observed for oxynitride glasses with compositions sim-
ilar to the grain boundaries!>’. Therefore, the grains and the
thin films between the grains show only a minor attack dur-
ing corrosion in acids (Fig. 11) at least up to 130 °C (excluding
HF)' resulting in the observed very strong corrosion layers (cor-
roded porous material shows still a four point bending strength
of 400 MPa).*>:11

The reason for the different corrosion rates of the nm thick
grain boundary films between the grains and the triple junc-
tions could be caused by kinetic factors. Thin SiO,-films were
observed at the surface of the SizNy grains in the corrosion layer
(Fig. 11) which do not only reduce the dissolution of the SizN4
grains but also protect the thin films between the Si3sN4 grains
from further corrosion. Additionally, it could be caused by the
different compositions of these two regions. TEM-investigations
and theoretical models'?>~!# indicate that the thin films at least
for Y-containing glasses are richer in SiO; and SizNy in com-
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parison to the triple junctions. The consequence of the stability
of the thin grain boundary films in HySO4, HCl, HNO3, H3POy4,
and other mineral acids is the high stability of the corrosion
layer. In F~-containing solutions (HF or florid containing other
acids)! Si0,-rich compounds are unstable due to the ability of
F~ ions to dissolve SiO,. Therefore, HF dissolves both grains
and the thin grain boundary films resulting in changed corrosion
behaviour in comparison to the corrosion behaviour in other
mineral acids.!>2!

The different corrosion rates observed for the grains and the
grain boundary phase (triple junctions) result in initial linear
corrosion rates of the Si3N4 materials, which can be directly
correlated with the stability of the amorphous grain boundary
phase (Figs. 11 and 12 in Part 114).

The reduced transport of the reaction products and reactants
through pores and their interaction with the walls of the pores
(the surface of the Si3Ny grains) can result in the formation
of a passivating layer which leads to a strong reduction of the
corrosion rate. These processes depend on the rate of the disso-
lution of the grain boundary, the pore structure and the corrosion
conditions.

A more detailed analysis of the chemical processes has to
be done to understand the influence of the composition and the
corrosion conditions on the dissolution of the grain boundary
phase and the formation of the passivating layers. This is the
topic of the next chapter.

4.1.2. Dissolution of the grain boundary phase and
formation of protecting layers

Materials with grain boundary phases which are SiO; rich
show a high stability. The reasons for this correlation can be
derived from principles of glass science.

The structure of a glass network and the properties of glasses
can be described by the value X — the number of bridging anions
(Z) per network-forming cation M (see Table 1).1:16-18 The net-
work is formed by MZ4-tetrahedra containing silica and alumina

as cations. Alumina is only to a certain extent a network-forming
component of the glass network. Other components forming
bonds with dominantly ionic character such as yttrium, mag-
nesium or calcium are considered as network modifiers which
produce non-bridging oxygen atoms (Fig. 12). The glass net-
work is stronger, if the amount of bridging anions is higher (e.g.
in SiO; glasses only bridging anions exist X=4). This is also
the reason why the glass network is strengthened with nitrogen
incorporation (3-bonds/atom) or softened with the incorporation
of C1~ or OH™ (only non-bridging anion).

Corrosion of glass in acids can be described by the leach-
ing of the network modifier (in our case Y, Mg and particular
Al) and formation of a hydrated glass network in the first step.
Schematically this can be illustrated by the following reaction
(this reaction is the more complex expression of reaction (1)
explaining the leaching of the network modifiers):

= (Si~0),-M +nHpqu) " = n= Si-OH + Mgqu)"t  (3)

For longer corrosion times the outward diffusion of the
cations M"* through the formed layer of the hydrated network
becomes slower and slower and the dissolution of the hydrated
network becomes rate-controlling.'® This dissolution is shown
schematically in the reaction:

= Si-0-Si0,_,(OH),, + H,O
— = Si-OH + SiOz_n(OH)n+1(aqu_) (@)

The rate of the dissolution of the hydrated network strongly
depends on the number of bridging anions per network-forming
cation X. Therefore the corrosion rates of the glasses and the
corrosion rates of the grain boundary phases of SizNy4 ceramics
at least at the beginning of the corrosion process decrease with
increasing number of network-forming anions X. If the X-value
is low (low number of bridging ions between tetrahedra) in the
original glass network then the dissolution process is fast and
no or only very thin (nm-thickness) hydrated network layers
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are formed. Linear time dependencies of the dissolution can
be observed (Figs. 4 and 5). Therefore, the difference between
the leaching rates of Y>* and AI** on the one hand, and the
dissolution rate of the hydrated network on the other hand must
be quite small for these glasses and a complete dissolution of
the glass or grain boundary phase takes place.

The dissolution of a hydrated network depends also on the
temperature and acid (H*) concentration. In addition to the
decomposition according to reaction (4), the reverse dehydra-
tion reactions of the network takes place to a higher extent in
concentrated acids:

2 = Si-O-H — = Si-0-Si = + H,0 5)

This reaction results in a decreased solubility of the par-
tial hydrated network and is well known on hydrated silica
surfaces and is the reaction converting soluble silicic acid to
insoluble silica.!® This condensation reaction reduces the fur-
ther destruction of the network and the leaching of the network
modifiers. It results in reduction of the corrosion rate or even
passivation (Figs. 5 and 6). The hydrated corroded surface
layers of glasses are often not very strong and can be easily
removed mechanically or by ultrasonic treatment.* In the cor-
roded Si3N4 ceramics this partially hydrated layer is protected
against mechanically removing by the strong Si3Nj-skeleton
and it is stabilised by additional kinetic effects, which become
intensified with increasing thickness of the corrosion layer:

1. The reduction of the outward diffusion of dissolved
SiO7-nH, O (or as expressed in Eq. (4). SiO2—,(OH) 4 1(aqu.))-
This is caused on the one side by reduced diffusion cross sec-
tions, and on the other side by adsorption of the soluble silicic
acid on the surface of the SizN4 grains (a similar effect as
used in chromatography).

2. Acceleration of the condensation/dehydration reaction (5)
in the corrosion layer reduces the solubility of the partial
hydrated network. This reaction is strongly accelerated with
increasing SiO;-nH>O-concentration in the solution (reac-
tion is third order in respect to the monomer SiO,-nH>0, i.e.
the reaction rate depends on the cube of the concentration
of the monomer)'? and therefore is strongly connected with
the first reason. The condensation can take place inside the
residual network of the partially dissolved grain boundary,
between monomers or between dissolved silicic acids and
the surface of the Si3Ny-grains. All these reactions result in
an accelerated formation of the found SiO;-rich passivating
layer.

3. Formation of additional SiO>-nH;O due to hydrolysis of the
SizNy grains. This factor enhances the effect of the first
and second reason. This process is slow, but with increas-
ing thickness of the corrosion layer the surface area in the
pores strongly increases and therefore also the overall rate of
hydrolysis of the SizNy grains.

The explained mechanism makes clear that the extended
hydrated layers are found only after formation of a corrosion
layer with a certain thickness. It explains also that the passivation

of the ceramic is faster

e in strong acids (due to stronger polymerisation) (Figs. 2-5);

e in materials with smaller size of triple junctions*> (smaller
amount of grain boundary phases or lower grain sizes);

e with increasing temperature from 60 to 120 °C (see Part I).
(After Iler the activation energy of the polymerization of
silicic acid in acidic media is 96 kJ mol~'.!° The activation
energy of the linear corrosion rate of Si3N4 materials was
determined as 64 kJ mol~!.>3 Therefore, the polymerisation
depends stronger on temperature as the corrosion does). The
higher concentration of SiO,-nH>O due to faster corrosion
accelerates the dehydration reaction additionally;

e if the corrosion is interrupted by drying®” at high temperature
or oxidation prior to corrosion.?! This is caused by the strong
dehydratisation of the network or forming of SiO; glass layer.

The formation of the SiO,-rich passivating layers does not
cause a change to a pure diffusion controlled mechanism (see
also kinetic analysis). The diffusion through the layer reduces
strongly with the corrosion time resulting in a complete stop of
the reaction. Based on the given results it could not be decided
which of the dissolved specimens is the one whose rate of dif-
fusion controls the reaction rate—the H* ions or the network
modifiers. But the mobility of H* should be much higher.

The formation of the SiO,-rich passivating layers reduces
the leaching of the network modifiers. This reduction must take
place at the interface between the uncorroded microstructure
and the passivating layer. The evidence for this is that neither by
TEM nor by EDX and WDR gradients of Y and Al were found
in the inner corrosion layer.>’-3

The proposed mechanism of the formation of a stable
hydrated SiO,-rich network is also in agreement with the dif-
ferent corrosion behaviour of Si3Ny4 ceramics in HF and under
hydrothermal conditions.* 11132427

The process of formation of a stable passivating SiO, network
in the ceramics is strongly accelerated by an increasing concen-
tration of SiO; in the grain boundary of the ceramics (Fig. 13).
During corrosion of SizNy-ceramics with medium concentra-
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Fig. 13. Time dependent thickness of the corrosion lagers of material KORSiN2a
in 0.5 mol/l H,SOq4 at different corrosion temperatures.
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tion of SiO; in the grain boundary (medium X-values, material
KORSIiN9 in 0.5 mol/l H»SO4 at 90 °C (Fig. 4)) and in the glass
GLAY 13 in 3 mol/l H»SO4 (Figs. 5 and 6) a formation of a Si0»-
rich layer was also observed. These layers change only the linear
corrosion rate but do not result in passivation. The reason for this
behaviour has to be investigated more in detail. But one possible
explanation could be that on the one hand the formed hydrated
network has channels which are large enough to prevent passiva-
tion, and on the other hand the network is to stable to permit the
formation of additional bridges between the SiO4-tetrahedron,
which would increase the passivating function of the layer.

4.2. Corrosion kinetics

The different structures of the corrosion layers described in
the previous chapter result also in different kinetics. The data
reveal that different corrosion mechanisms exists and that the
mechanisms can change

e with composition of the grain boundary (Fig. 13);
e with changing acid concentration (Figs. 2 and 3) or tempera-
ture (Fig. 14).

The different kinetic curves can be divided into five main
groups shown in Table 3. The occurrence of the different groups
as a function of the materials composition and the corrosion
conditions were summarised in Table 4. The kinetic equations
given in Table 3 are valid for planar sample geometries. Other
sample geometries require more complicated equations>>2-23
(see also Table 5). For such equations the degree of reaction as
a function of time (¢) or in our case degree of corrosion «:

x(1)

~ Xt = o)

(6)

Table 3
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Fig. 14. Time-dependent thicknesses of corrosion layers for various ceramics
containing different amounts of SiO; in the grain boundary phase at 90 °C in
0.5 mol/l sulphuric acid.

is normally used for the description of the corrosion kinetics,
whereas x is the value which changes with the ongoing reaction
(in our case weight loss or corrosion layer volume), x at the time
t=0 is 0 and after complete reaction x(t=o00) (Table 5). For
bending bars made of SN3 the applied models were originally
derived for cylindrical samples but can be also used in good
agreement for bending bars without producing great errors®2:

Reaction controlled corrosion:

t=(a+ (- In(l —a)b) @)
Diffusion controlled corrosion:

t=1-v1-wa (®)
Mixed reaction control based on (7) and (8):

t=(1—-v1—a)a+ @+ (1 —a)In(l — a)b) )

with the reaction constants a and b.

Types of corrosion kinetics and there characteristic structures (the kinetic equations are valid for planar sample geometry)

Type of corrosion Kinetic equation

Characteristics of the corrosion layer

Rate controlling Step

kinetics
1 Linear: Ax=kt Complete dissolution of the grain Reaction controlled
boundary
2 Low ¢: linear Ax=kt Complete dissolution of the grain Reaction controlled
boundary
Higher t: strong Incomplete dissolution of the grain Passivization due to hydrated SiO; layers
reduction of the boundary (hydrated SiO; layers)
corrosion rate to
0
3 Low t: Ax=k;t Complete dissolution of the grain Reaction controlled
boundary
Higher t: Ax=kyt Incomplete dissolution of the grain Formed hydrated layer is not passivating
boundary (hydrated SiO; layers)
4 Ax = kot Nearly complete dissolution of the Diffusion controlled mass transport of dissolved
grain boundary components
5 Ax = kit + kon/t k1 t: reaction controlled Both mechanisms can superimpose each other before the

decomposition of the hydrated

network

first terms becomes rate controlling

ko +/t: Diffusion of dissolved ions
through this corrosion layer
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Table 4
Occurrence of the different corrosion mechanisms
Material Grain boundary phase Conditions Type of corrosion kinetics
Temperature Concentration (mol/l)
All <60°Cupto75°C 0.5 1
Glass Low and rich on SiO»; all at90°C 0.5 1
combinations of Y,03 and Al,O3 at90°C 3 3
All investigated SizNy4 ceramics <60°Cupto75°C 0.5 1
SN2, 3 90°C <0.00005 1
SN3 Low SiO; concentration and 90°C 0.00005<C<0.5 4or5
Y,03/Al,03 additives 90°C 0.05 5
90°C >0.05 2
KORSIiN7 SiO; rich >90°C 0.5 lor5
KORSiN8 KORSiN9 Medium SiO; concentration >90°C 0.5 3
KORSiN2a KORSiN4 KORSiN5 Low SiO; concentration 90°C 0.5 2
SN2 MgALlY containing GB with high 60°C<T<90°C 0.014<C<1.5 lor5

SiO; content

Fig. 15 illustrates graphically the results of linear regressions
for the SN3 (0.1N H>SO4 at 90 °C) expressed in terms of rel-
ative corrosion progress according to Egs. (7) and (8). Despite
the good statistical results (Table 5, rows 6 and 7) several facts
have to be regarded. Considering the reaction controlled plot
it can be recognized that the experimental data are not dis-
tributed statistically around the straight regression lines. They
show a real curvature and the regression does not match the ori-
gin of the graph. A remarkable deviation from linearity is also
observed within the first 16 h of the diffusion controlled plot.
Better results are obtained from the application of Eq. (9) on
the same experimental data as shown in Table 5 and Fig. 16.
This model deduced by Frade et al. regards the superposition
of a reaction, e.g. an interfacial controlled process and a diffu-
sion controlled process through a distinct layer. Such a situation
occurs when both processes have similar reaction rates.

In the following the main figures of the principle corrosion
mechanisms (Table 3) will be discussed in relation with the
microstructure of the materials and the structure of the formed
corrosion layers. As mentioned above these kinetic equations
are only valid for planar samples.

t=(1-1-a)-a (@+(1—a)-In(1—a)-b
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Fig. 15. Results of linear regressions for the SN3 in 0.5 mol/l HSO4 at 90 °C.

Linear time dependencies of the corrosion (e.g. constant cor-
rosion rates) were observed, if a complete leaching of the grain
boundary phase was observed. Linear corrosion kinetics are gen-
erally explained by the interfacial controlled dissolution of the
grain boundary phase.?*2’ The corrosion rate can be explained
based on the stability of the oxynitride glassy grain bound-
ary phase and can be directly related to the corrosion rate of
the oxynitride glasses with the same composition as the grain
boundary (see part 1).!

For high corrosion depth and geometries like balls or bending
bars the shrinking core effect has to be taken into account. The
shrinking core effect results in deviation from the linear time
dependence of the weight loss although the thickness of the
corrosion layer changes linearly with time. Therefore, measuring
of the thickness of the corrosion layer is more useful for the
determination of the corrosion mechanism.

In some very stable materials (e.g. SN2) even after 1000 h it
cannot be distinguished between the linear law:
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Fig. 16. Graphical representation of the results of the fit of the corrosion kinetic
of material SN3 in H, SO4 of different concentration at 90 °C; the equation which
was used is given in row 8 of Table 4 describes a mixed reaction control.



Table 5

Results of the fitting of kinetic equation to the observed corrosion data

No. Sample Model (tab. 2/geometry) Condition Equation used Constants R?
1 SN2 1/Planar 0.0014 mol/1 H,SO4 at 90°C Am=at+b* a=0.15+0.013 pgem=2h~!, 0.93
b=12+3 ugcm2
2 1/Planar 1.5mol/l H,SO4 at 90°C Am=at+b* a=0240.018 pgecm=2h~1, 0.96
b=18+1pgcm2
3 5/Planar 1.5mol/l H,SO4 at 90°C Am = at + b/1* a=0.1£0.05pg cm~2h7l, 0.98
b=3.040.7mgcm 2h=03
4 5/Planar 0.5 mol/l H,SO4 at 90 °C Am = at + b/f* a=9.6x107+3x 1072 pgem™2h~!,  0.99
b=2.5+0.47 pgem=2h=03
5 SN3b Mixed reaction control/cylinder 0.0014 mol/1 H,SO4 at 90 °C t=0—-YT—a)a+ @+ —0a) n(l —a) a=365+23h,b=362+34h 0.99
6 1/Cylinder 0.05 mol/l H,SO4 at 90°C t=(a+ (1 —a)In(l —a)b) b=360+11h 0.99
7 4/Cylinder 0.05 mol/l H,SO4 at 90 °C t=(1—-J1T—aa a=357+24h 0.98
8 Mixed reaction control/cylinder 0.05 mol/1 H,SO4 at 90 °C t=(1—dT=—a)a+ @+ —a) In(1 —a)) a=113+£25h,b=248+27h 0.99
9 2/Planar 0.5 mol/l H,SO4 at 90°C t<30h: a=at a=0.01+£0.001h~! 0.99
10 KORSiN2a 2/Planar 0.5 mol/l H,SOy4 at 90°C t<50h: a=at a=0.008+1x10"*h~! 0.99
11 KORSIN8 3/Planar 0.5 mol/l H,SO4 at 90°C t<60h: a=at a=0.0027 £ 0.0001 h~! 0.99
t>60h: a=bt+c b=7x10"*+£4x 107> h~!, 0.98
¢=0.12+0.008
12 KORSiN9 3/Planar 0.5mol/l H,SO4 at 101 °C t<80h: a=at a=0.0027 £ 0.0001 h~! 0.99
t>80h: a=bt+c b=9x10™*£8x 107> h71, 0.97
¢=0.14+0.015
13 KORSIN8 3/Planar 0.5 mol/l H,SOy4 at 101 °C t<25h: a=at a=0.006+0.0005h~! 0.99
t>25h: a=bht+c b=9x 1074 £5x 107> h7!, 0.99

¢=0.13+£0.008

# Due to missing corrosion layers the results were modelled in terms of mass loss
b Bar, therefore shrinking core model according to cylindrical geometry.
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and the commonly used kinetic equation in glass science
Am = at + b/t (10)

The first has to be interpreted as the linear corrosion with
some surface effects, which can be caused by grinding. The
latter law is normally interpreted as diffusion controlled leach-
ing of network modifiers through a hydrated network consisting
of network formers (hydrated silica), which decomposes in a
reaction controlled manner. With increasing time this hydrated
layer determines the corrosion behaviour more and more, and the
decomposition of this layer finally becomes the rate controlling
step. The thickness of the corrosion layer can range from some
nm to wm. For large corrosion times this equation approaches
a linear time dependency (Eq. (9)). In Table 5, an example is
shown for the corrosion of SN2 in 1.5 mol/l H,SO4 at 90 °C.

For the materials with a low SiO;-concentration in the grain
boundary (KORSiN2a, KORSiN4, SN3) the period of a linear
time dependence of the corrosion reduces with increasing tem-
perature (Fig. 13). The linear corrosion law is only valid for the
starting period of the corrosion under these conditions.

The corrosion of the material SN3 in diluted HpSOq4
(0.014 mol/l) can be fitted with equations corresponding to
diffusion controlled mechanisms. But there are no structural evi-
dences for the determination of the species which controls the
reaction (Table 5). With the same accuracy the data can be fitted
with equations describing a mixed reaction control.

A more complex situation occurs when product layers are
formed. Such layers can be formed by residues of the grain
boundary phases in the corroded triple junctions of the Si3Ny-
ceramics. In such cases the corrosion kinetics of SizN4-ceramics,
measured in terms of mass loss or thickness of the corro-
sion layer, strongly deviate from linearity. These layers can
be enriched by hydrated SiO, as shown in this paper, but also
other types of layers could be formed. For example rare earth
phosphates can form passivating layers during corrosion of rare
earth containing Si3Ny4 materials in phosphoric acid.>?® The
formation of YF3 was observed in F~ containing acids.>!> The
YF3 precipitations reduce the corrosion rate, but they do not
completely suppress the corrosion. The change of the corro-
sion mechanism strongly depends on the structure of the formed
layer:

If the formed layer is still penetrable for the dissolving com-
ponents as such Y-, Al-cations, this would result in a change to
a diffusion controlled mechanism or interfacial corrosion with
lower corrosion constant (Glass GLAY 13 in Fig. 4; KORSiN8
in Fig. 13; KORSiN8 and KORSiNO in Table 5).

If the diffusion through the layer slows down more and
more, the corrosion reaction will stop and a passivation occurs
(Figs. 12—-15). The reason for this behaviour was explained
in the previous chapter in detail. For such complex corrosion
mechanisms a simple equation does not exist to describe the
dependence of the thickness of the corrosion layer or mass loss
on the time.

In Fig. 16, the experimentally measured degrees of corrosion
(volume (corroded)/volume of the sample) are given together
with the fitted curves according to the equation in row 8 of

Table 5. The bending bars used in the test were approximated as
cylinders. Therefore, more complex equations (Table 5) have
to be used in comparison to equations in Table 4. The data
determined in diluted acids can be fitted well by reactions corre-
sponding to diffusion control or mixed reaction control, whereas
the fit of the corrosion data for the samples corroded in 0.5 mol/l
H>S04 could not fitted due to the observed formation of passi-
vating layers (Fig. 16).

4.3. Dependence of the corrosion behaviour in HySO4 on
the composition of the ceramics

The corrosion stability rises with an increasing SiO; content
of the grain boundary or more exactly with the increase of the X-
value (high number of bridging anions). For HIP-SN materials
without sintering additives no corrosion attack in HCl-acid was
observed.?’

Materials with low silica contents formed thick corrosion lay-
ers within short times and showed a pronounced passivation after
formation these layers under certain conditions. Slightly higher
silica contents led to slower degradation rates and therefore
thinner corrosion layers in comparable times. These materials
showed only a moderate slow down of the corrosion rate (Fig. 14;
KORSINBQ). As the silica content is further increased a change
in the corrosion mechanism by means of a deviation from the
initial linearity is hardly observed. These results show that a
certain thickness of the corrosion layer seems to be necessary to
form an efficient protective layer.

The reduction of the amount of sintering additives increases
the corrosion resistance in HySO4. Two reasons are responsible
for this behaviour:

e with reduced sintering additive content the SiO;-
concentration in the grain boundary phase increases,
automatically resulting in more stable grain boundaries.

e with reduced sintering additive content the cross section of
the triple junctions reduces causing a faster formation of pas-
sivating layers.

The influence of the Al,O3-content of the sintering additives
on the corrosion resistance is less pronounced than the influ-
ence of SiO,. This has different reasons: Some of the Al,O3
is solved in the Si3Ny grains reducing the concentration in the
grain boundary.'?> The remaining alumina in the grain bound-
ary partially works as network-modifying ion, which decreases
the corrosion resistance in acids. However Al also can be incor-
porated into the glass network in a four-fold coordination what
in turn results in an increased corrosion resistance. The Al-O
bonds inside the glass network show a lower stability than the
Si—O bonds. The corrosion rate of YSiAlON-glasses with differ-
ent Y/Al ratio is shown in Fig. 17.°> No systematic dependency
can be deduced despite of the wide change of the Y/Al ratios,
and the corrosion rate can be satisfactorily correlated with the X-
value (number of network-forming anions per network-forming
cation).

Si3N4 materials with MgO or MgO/Al, O3 sintering additives
are considered to be very corrosion resistant.>* This stability
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Fig. 17. Correlation between linear corrosion rate constants of YAISiAION-
glasses in 1IN HpSO4 at 90 °C and the X value (amount of network-forming
anions per network-forming cation).’

strongly depends on the composition and the corrosion environ-
ment. Materials with similar amounts of sintering additives like
the Y,03/Al;,03-Si3Ny ceramics (6—10vol.%) show similar
corrosion behaviour as the Y,O3 containing materials.* The bet-
ter sinterability of MgO or MgO/Al, O3 cause the lower amount
of sintering additives in these Si3zN4-materials in comparison to
the higher amounts which are normally used for Y,03/Al,03-
doped materials. Therefore, the reason for the higher stability of
MgO or MgO/Al,O3 containing Si3N4 materials, which is often
observed, can be explained by the low additive content and the
resulting higher SiO;-concentration in the grain boundary phase.
An additional reason for an improved corrosion resistance can
be derived from the glass network theory. The introduction of
Mg?* in the network results in a less reduction of bridging anions
per network-forming cation in comparison to the introduction
of the same amount of Y3*. This explanation of the corrosion
stability of MgO/Al,O3-containing materials is in agreement
with the fact, that these materials are normally less stable in F~
containing media or under hydrothermal conditions.*!!

Experiments show that the observed relations between cor-
rosion behaviour and composition of the materials is true also
for other acids like HC1, HNO3z, CH3COOH. .. The corrosion
behaviour is different in acids which can dissolve SiO; (e.g. HF)
or which form salts with low solubility with components of the
grain boundary phase.

5. Conclusions

The investigation of the corrosion behaviour of SizN4 ceram-
ics in HpSO4 with different concentrations and at temperatures
between 60 and 120 °C showed that both the corrosion rate and
the corrosion mechanism strongly depend on the concentration
and the temperature of the acid and on the composition of the
grain boundary phase.

It is evidenced that the stability of SizN4 materials mainly
depends on the composition of the grain boundary phase.

The stability of the amorphous grain boundary phase can be
described by the number of bridging anions per network-forming
cations. Therefore, the materials with the highest amount of
bridging anions per network-forming cations in the grain bound-
ary phases (i.e. materials with SiO;-rich grain boundaries) have
the highest corrosion stability in acids like HySO4.

Indiluted H>SO4 only low corrosion rates are observed which
can be described by diffusion, reaction or mixed reaction control.
No passivation is observed. A similar behaviour can be found
for the corrosion at temperatures less than 60-75 °C.

With an increasing concentration of the acid a passivation
is observed at temperatures above 60-75 °C. Therefore, the
highest corrosion rates of the SizNs-materials which contain
Y,03 and Al, O3 as sintering additives can be observed in acids
with medium concentrations (range between 0.05 and 0.5 mol/l
H;S0O4) but not in concentrated acids.

The analysis of the corrosion layer has shown that the pas-
sivation is caused by the formation of SiO;-rich layers in the
corroded triple junctions. The formation of the passivating layer
depends on the SiO; content of the initial grain boundary. A cor-
rosion double layer, which is characterized by different amounts
of hydrated silica deposits, is observed regularly when a certain
thickness of the corrosion layer is reached. However, this double
layer is not a direct hint for a passivation under all conditions.
Based on the data it could be concluded that at low tempera-
tures and at slow corrosion rates the polymerised structures are
not dense enough to suppress the corrosion. A passivating effect
is measured when SizNy4 materials with a Y,03/Al,03 grain
boundary phase and low SiO» fractions are corroded at temper-
atures of 90 °C and higher. Additionally, the concentration of the
acids which also influence the polymerisation has to be 0.5 mol/l
or higher.

Due to the fact that the passivating layer was observed only
after several 100 wm thick corrosion layer this passivating mech-
anism can not directly be used for an effective passivation of
Si3zN4 materials. The investigations have shown that corrosion
resistant Si3Ns-materials can be reached by tailoring the amount
and composition of the grain boundary phase, e.g. after corro-
sion the material SN2 showed a strength of more than 700 MPa
and a corrosion layer thicknesses less than 5 pm).
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