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Abstract

Silicon nitride ceramics with Y2O3 and Al2O3 as sintering additives were corroded in 1 N sulphuric acid at 90 �C. Any classical

corrosion rate model cannot describe the overall kinetics of the corrosion process successfully. At longer corrosions times a kinetic
break occurs, after which slow linear corrosion kinetics prevail. The passivation is due to the formation of a defective silica sub-
layer in the corrosion zone. We show that it is possible to enforce this passivation long before it would occur naturally by a simple
hot drying (150 �C) procedure after a critical time. As consequence the total mass loss decreases by a factor of 2–3.
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1. Introduction

Silicon nitride based materials are candidates for
applications in chemical plants and energy systems, in
which hot fluids are encountered. Pure Si3N4 has an
excellent resistance against many acids, at least at tem-
peratures up to 100� C [1,2]. In sintered silicon nitride
ceramics additives are present and change the corrosion
behaviour. The most common additives are Y2O3 and
Al2O3, which we have used in our studies. The corrosion
process in acids is then dominated by grain-boundary
attack and depends accordingly on the composition and
the degree of crystallization of the grain boundary phase
[3]. Significantly, corrosion was reported for hydro-
fluoric acid [3], nitric acid [4] and sulphuric acid [5–8].
Corrosion of those ceramics in aqueous solutions is

usually accompanied by a mass loss to the corrosive
medium. Previously we reported that the mass loss can
be attributed to the dissolution of the glassy Y–Al–Si–O
grain boundary phase in Y2O3/Al2O3-containing Si3N4

ceramics corroded in diluted sulphuric acid [6]. For
some cases the process was shown to involve the pre-
ferential leaching of Al and Y and yielded a duplex cor-
rosion zone with silica free outer and a silica containing
inner corrosion layer (Fig. 1). These sub-layers were
also confirmed by others [7].
The grain boundary attack occurs primarily at triple

junctions while the thin interface grain-boundary layers
are still intact [8]. TEM investigations indicated that the
composition of these interface grain-boundary phases
have a higher nitrogen contents than the triple junctions
[9]. The incorporation of nitrogen improves the corro-
sion resistance in acids by orders of magnitude [10]. We
therefore assume that a minute amount of grain
boundary phase persists at the interfaces and stabilises
the skeleton of Si3N4 grain within the ‘‘silica-free’’
corrosion zone.
The formation of the inner corrosion layer caused a

strong reduction of the corrosion velocity and hence poin-
ted to the possibility to retard the corrosion. In this work
we show the first results on the controlling parameters for
the internal passivation of silicon nitride ceramics.
2. Experimental set-up

We used a Si3N4 ceramic with app. 6 wt.% Y2O3 and
4 wt.% Al2O3 from the Fraunhofer-Institut of Ceramic
Technologies and Sintered Materials (IKTS Dresden).
XRD investigations did not give any evidence for
crystalline phases within the grain boundaries.
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The samples were cut and ground in rectangular 3.5/
3/45 mm beams. The samples were tested in 1 N sul-
phuric acid in a steady-state-apparatus to avoid any
possibility of a change in the corrosion medium during
the experiment. The apparatus was described elsewhere
[6]. All experiments were conducted at a temperature of
90 �C.
The standard preparation procedure after corrosion

experiments was to wash the samples in acetone for
10 min, rinse with deionised water, place them into a
cabinet dryer for 52 h at 150 �C and weigh them on a
microbalance (Sartorius; d=0.01 mg) after a 2 h cooling
period.
To test the influence of the drying step on the corro-

sion behaviour we performed experiments in three
different ways:

(1) Continuous corrosion (CC): every experiment is
performed on a fresh, untreated sample and con-
tinuously corroded for the time of the experiment.
This is the most common test procedure in corrosion
science.
(2) Hot dried re-corrosion (HRC): After the corrosion
treatment and the standard preparation procedure
with the 150 �C drying step the sample is re-intro-
duced into the corrosion medium. This procedure is
repeated until the final time is reached.
(3) Cold dried re-corrosion (CRC): The procedure
differs from (2) only in the drying step. Here we dried
the samples at room temperature for 512 h.

The surfaces and the cross sections of the corroded
materials were analysed by light microscope and micro
Raman spectroscopy (LABRAM, Dilor) using a wave-
length of 632 nm.
3. Results

In a first set of experiments we compared CC and
HRC 1 experiments. The mass losses are shown in
Table 1. The first break in the HRC 1 experiment was
after 16 h. The treatment of CC and HRC 1 are iden-
tical up to the first break and therefore it is no surprise
that the HRC 1 experiments are exactly in line with the
set of CC experiments up to 20 h (Fig. 2).
Fig. 1. Optical micrograph of a duplex corrosion zone in a silicon

nitride ceramic after 48 h in 1 N H2SO4. Grey levels mark clearly outer

and inner corrosion layer and the uncorroded material.
Fig. 2. Continuous (CC) and hot-dried re-corrosion (HRC) experi-

ments with different times of treatment. The lines indicate the two

linear corrosion rates.
Table 1

Mass losses for the tested materials
CC
 HRC 1
 HRC 2
 CRC
Time

(h)
Mass loss

(mg/cm2)
Time

(h)
Mass loss

(mg/cm2)
Time

(h)
Mass loss

(mg/cm2)
Time

(h)
Mass loss

(mg/cm2)
8.25
 4.0
 16
 7.2
 3
 1.8
 4.5
 2.1
20.00
 8.3
 36.25
 8.2
 10
 3.1
 6.75
 2.7
69.00
 11.1
 80.5
 8.9
 25
 3.5
 10.25
 4.0
211.00
 13.3
 149.25
 10.3
 90.5
 4.7
 34.25
 8.5
192.75
 10.8
 203.5
 6.1
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In Fig. 2 several features are shown: (a) the initial
stage of the corrosion process is a linear process with
high mass losses, (b) CC experiments for times exceed-
ing 20 h deviated strongly from the linear correlation
with time, (c) HRC 1 experiments do not follow the
original linear correlation after re-introduction and (d)
they are linearly correlated to the exposure time, but
with a much lower rate constant.
In a second set of experiments the time of the first

removal of the corrosion specimen was decreased
(Table 1). Fig. 2 shows also the mass change of HRC 2,
which was treated after 3, 10, 25, 90.5 and 200 h. It can
be clearly seen that the slope of the mass-loss curve
breaks away from the original correlation, but it does so
only after the second removal of the sample from the
corrosion process at 10 h. As a consequence the mass
losses for longer exposure times were reduced to below
50%. All mass loss curves in Fig. 2 appear to be lin-
ear and parallel after the break from the first linear
correlation.
In the third set of experiments we conducted cold

dried re-corrosion (CRC) treatments. The mass changes
of the samples after exposure times up to 34.25 h are
given in Table 1 and shown in Fig. 3. The CRC sample
behaves similar to the CC experiments.
Raman spectroscopy line scans with a 10mm spacing

across the corrosion zones of a CRC and a HRC sample
are shown in Fig. 4. The Raman intensities plotted
cannot be compared directly, because the measuring
time at a given spot was 3 s for the CRC sample and
only 0.5 s for the HRC sample. This was necessary,
because the luminescence in the HRC sample would
have exceeded the detector limit at longer times. There-
fore the increase of luminescence at the edge of the
CRC sample is by far lower than the peak for the HRC
sample. The luminescence maximum of the HRC
sample is at the inner part of the corrosion zone.
4. Discussion

In the corrosion of the silicon nitride ceramic by
diluted H2SO4 a loss of material was observed. The mass
losses show a linear behaviour in the initial stage of the
corrosion process. This is indicative of a dissolution
Fig. 3. Cold-dried re-corrosion experiments (CRC, squares) in

comparison to CC and HRC.
Fig. 4. Relative intensity of the luminescence detected by Raman spectroscopy: Left: cold dried re-corroded; Right: hot dried re-corroded. The

maximum at the edge of the CRC sample is far less then the peak of HRC, because integration times are 6 times longer.
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process without protective layer. At longer exposure
times the corrosion rate decreases.
The corrosion is an attack on a glassy grain boundary

phase. Hence for the interpretation of this phenomenon
classical glass corrosion experiences have to be con-
sidered [10]. The leaching of the network modifiers and
the formation of a hydrated glassy network dominate
the dissolution of SiO2-containing glass under acidic
conditions

� n Si�Oð Þ �Mnþ þ nHþ ! nSiOH þMnþ
aqu:ð Þ ð1Þ

� n Si�Oð Þ �Mnþþ nH2O ! nSiOHþMnþ
aqu:ð Þþ nOH�

ð2Þ

In long time corrosion the dissolution of the hydrated
glassy phase

� Si�O�SiO3�n OHð Þn þHþ aq:ð Þ

! Si�; OH þ SiO3�n OHð Þnþ1 aq:ð Þ ð3Þ

becomes the rate-controlling step in the further corro-
sion process. The kinetics of the combined hydration-
leaching-dissolution process is usually modelled in the
form [11,12]

Dm

A
¼ klint þ kpara

ffiffi

t
p

ð4Þ

where klin and kpara represents the linear and parabolic
rate constants, �m the weight change, A the surface
area of the sample and t the corrosion time.
However, detailed kinetic investigations on Si3N4

materials with various amounts of sintering additives
revealed that for those the passivation mechanism can
not described by Eq. (4) [7], because the slowing down
of the corrosion is stronger then predicted.
This is true for our experimental data as well. In Fig. 5

we have plotted the experimental data of the CC-sam-
ples along with fits according to Eq. (4), varying the fit
from a purely parabolic one (klin =0) to fits with
increasing linear contribution. It is evident that it is
impossible to describe the behaviour correctly with the
classic glass-corrosion Eq. (4).
The reason was thought to involve a condensation

reaction in the corrosion layer

2 � Si�O�H ! Si�O�Si � þH2O ð5Þ

which turns soluble silicic acid into hydrated silica [8],
which acts as a protective barrier.
In a previous paper [6] we confirmed the role of silica

by Raman spectra of corrosion layers, which were
dominated by high luminescence, which could be
attributed to defect structures of SiO2. From Fig. 4 it is
obvious that the change in the corrosion kinetics in the
presented experiments is likewise due to the presence or
absence of this layer of defective silica.
In the results of this work we showed that the forma-

tion of such a protective silica layer could be enforced
by a hot drying post-treatment procedure. The impor-
tant parameter for this behaviour seems to be the drying
temperature, because the samples dried at room tempera-
ture did not form such a layer, which was confirmed by
Raman spectroscopy. It is assumed that the drying pro-
cess at 150 �C supports a condensation reaction analogue
to (5) in the grain boundaries. Recent investigations con-
firmed that the dehydration of sianol groups into siloxane
bonds belonging to three-membered silicate rings, takes
place at temperatures above 150 �C [13].
The linear and parallel character of the mass loss

curves in Fig. 2 indicates that a reaction-controlled
process prevails, probably the dissolution of the pre-
viously formed silica. The fact that there is an outer cor-
rosion zone practically without silica (Fig. 1) is evidence
for the dissolution. The linear kinetic has a consequence
for the modelling: the barrier formation is a true break in
the corrosion kinetics, and therefore no classic continuous
equation is able to predict the process completely.
The change in corrosion rate can be forced to occur

earlier then the natural break during continuous corro-
sion, but from the data in Fig. 3 it can be seen that it
requires a minimum advance of the corrosion. A pre-
corrosion treatment for less then 10 h was insufficient to
make an enforced protective layer. Currently we do not
know, which is the limiting parameter (minimum cor-
rosion depths, concentration gradient in the solution in
the corrosion zone, critical thickness of the layer) for
this threshold.
Thus clearly detailed studies are needed to transform

this mechanism into a reliable treatment for industrial
practice. However, the possibility for a simple low-cost
Fig. 5. Experimental data from CC-experiments (dots) with approx-

imations according to Eq. (4). Kl=Klin=0 is equivalent to a pure

parabolic rate law. There is no possible agreement between the classic

model and the data.
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method to lower the corrosion levels of Si3N4 materials
attacked by sulphuric acid is evident.
5. Conclusion

Sintered silicon nitride ceramics with a glassy Y–Al–
silicate grain boundary phase are attacked by diluted
sulphuric acid. At 90 �C the corrosion process follows
initially classical glass corrosion kinetics with a com-
bined hydration–leaching–dissolution mechanism. At
longer exposure times/corrosion depths a kinetic break
occurs. The new kinetic is linear with a much lower rate
constant than the initial process.
The formation of a defective silica layer within the

corrosion zone is responsible for the break. The layer,
which is formed during continuous corrosion at a cer-
tain corrosion progress can be artificially enforced by a
drying procedure. It was shown that a hot (150 �C)
treatment was necessary; it did not work on room
temperature drying.
The layer formation marks a true kinetic break in the

corrosion kinetics. Therefore no classic corrosion rate
model can describe the overall kinetics.
With an enforced layer the overall corrosion mass loss

can be lowered significantly. The method is simple and
low-cost.
To be able to enforce the layer formation a critical

corrosion progress before drying is necessary. Cur-
rently, we are investigating the limiting parameter for
the threshold value.
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