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Abstract

An instrumented depth-sensitive microindentation technique was applied to evaluate mechanical properties of thin corroded
layers of some ceramics which were immersed in boiling, highly condensed sulfuric acid up to 1000 h. Indentation load—depth
curves were analyzed using a finite element model to systematically investigate the effect on the ceramics of film or corroded layer.
The mechanical properties of both the oxide films and the corroded layers were evaluated through the combination between ana-
lytical and experimental results on the indentation curves. It was found that the relationship between thickness 7 of oxide films or
corroded layers and the depth d determined by the slope change on the indentation load/depth—depth curve is described as T~10d.
The bending strengths of Si;sN4 and Al,O; after immersion were evaluated using the d associated with the corroded layer thickness
and the Kjc obtained before immersion. It was confirmed that the strength degradation of SisN4 and Al,O; due to the boiling

sulfuric acid corrosion can be estimated using Kjc and d-value. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A thermochemical hydrogen production system,
iodine-sulfur (IS) process investigated by the Japan
Atomic Energy Institute,! consists of chemically active
environments, i.c. boiling sulfuric acid and halogen gas-
ses, in which most of the conventional structural materi-
als are attacked by corrosion.? It is a key issue to find
appropriate corrosion-resistant materials for proceeding
to a next stage, the scaled-up IS process.

Generally, it is known that some ceramics exhibit a
good corrosion resistance due to their chemical inert-
ness,> while their strengths are influenced by the surface
condition because of their brittleness sometimes causing
unexpected fracture. The presence of micron-order flaws
on the surface aggravates the integrity of ceramic mate-
rials.* Some engineering ceramics have, therefore, been
examined for their corrosion resistance against the
boiling highly condensed sulfuric acid. After an immer-
sion test up to max. 1000 h, the corrosion resistance was

* Corresponding author. Tel. : +81-29-282-5363; fax: + 81-29-282-
6489.
E-mail address: futakawa@popsvr.tokai.jaeri.go.jp (M. Futakawa).

evaluated by mass change, bending strength and macro-
and microscopic observation. In addition, a depth-sensi-
tive microindentation technique was applied to evaluate
mechanical properties of the corroded surface layers. An
inverse analysis on the load—depth relationship obtained
from the microindentation technique was carried out by
using an FEM code to qualitatively determine the prop-
erties of the corroded surface layer, associated more
strongly with the strength degradation in the ceramics
rather than the mass change which was conventionally
used to evaluate corrosion resistance in the metals. In
this paper, not only the corrosion behavior of the ceramics
in the boiling, highly condensed sulfuric acid, but also a
novel technique to nondestructively estimate the corroded
thickness which influences the strength degradation are
reported.

2. Experiment
2.1. Materials

Ceramic materials used in the test are reaction-bon-
ded silicon carbide containing about 10% free silicon:
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Si-SiC, pressureless sintered silicon carbide with additives
of C and B: SiC, pressureless sintered silicon nitride with
additives of SrO, MgO and CeO,: SizNy, partially stabi-
lized zirconia Y-PSZ with Y: ZrO,, 93% alumina: Al,Os.
They are widely used as engineering ceramics. The size of
the specimens was 3x4x40 mm?>, which is a measurable
size of three-point bending strength.

2.2. Immersion test

The test solution was 95 mass% sulfuric acid. The test
was performed in a pyrex glass flask with a capacity of 1
dm?. The flask was heated in a mantle heater to main-
tain a stable boiling condition: the temperature was set
about 320°C in an ambient atmosphere. Evaporated
sulfuric acid solution was liquefied in a reflux condenser
to minimize the evaporation loss. The immersion period
was 10, 100, 1000 h, and the test solution was not
refreshed during the immersion test. The immersion
period was defined as the time between the moment
boiling began and the moment when the heater was shut
down. After the solution’s temperature decreased to the
ambient temperature, the specimen was removed from
the solution and washed by splashing water on it. Then
it was washed ultrasonically in water for 5 min.

2.3. Mechanical property evaluation test

The three-point bending strength o (JIS R 1601) was
measured at room temperature after and before immer-
sion. Also, mass M and hardness H were measured
before and after the immersion test. The hardness was
obtained using a Vickers indenter from the depth under
the indent load P of 98 and 980 mN, given by:

H=P/Ci’ (1)

where C is constant related with the shape of indenter
(e. g. C=26. 43 for the Vickers indenter). Toughness of
the ceramics Kjc was measured by controlled surface
flow (CSF) and/or single edge-precracked beam (SEPB)
methods® before the immersion test using the specimen
which was annealed at 800°C for 2 h to remove a resi-
dual stress after precracking by the Vickers indenter.
The number of specimens of each ceramic with each
immersion period is 10 for the strength, mass and
toughness measurements. The hardness was measured
using 4 specimens for each experimental condition and
at 15 points per one specimen. Table 1 shows mean
values before the immersion test.

In addition, the depth-sensitive microindentation test
was carried out to evaluate the mechanical properties of
the corroded surface layer. A depth—load curve is
recorded during an indent loading. Maximum indent
load is 980 mN. The indentations at this load were crack
free, which is a requisite for meaningful hardness and

Table 1
Measured mean values for each ceramic before immersion test
M, (g) oo (MPa) Hy (MPa) Kic (MPa m'/?)

Si-SiC 1.4 280. 0 13 3.7*
SiC 1.5 476. 7 14 2.6
SNy 1.6 1194 11 6.3%, 6.2
Al,O4 1.9 333.5 17 3.8
Y-PSZ 2.9 1097

a SEPB.

b CSF.

Young’s modulus evaluation. It is well known that the
slopes of the load/depth against the depth during load-
ing, A, and during unloading, B, shown in Fig. 1, are
proportional to the hardness and the Young’s modulus,
respectively.® Thus, it is possible to estimate these
properties directly from the load/depth—depth relation-
ship in the case of the homogeneous materials. The
measured load—depth behavior is believed to be influ-
enced by the thin surface layer that may be attacked by
the corrosion. The effects of the corroded layer and the
interaction between the corroded layer and the substrate
would appear on the load—depth curve.

The specimen surface and cross-section were inspec-
ted by SEM and EPMA (point and line analyses) to
determine the corroded thickness.

3. FEM analysis on microindentation test

The interaction between scales, corroded layers and
substrates complicates the deformation under the indenter
and makes it difficult to characterize the corroded layer.
The inverse analysis on the measured load/depth—depth
curve was performed using an explicit FEM code DYNA,’
which enables us to analyze a large deformation, to deter-
mine mechanical properties of the corroded layer and
interprete on the complicated load—depth relationship. In
this analysis, the indenter and specimen are treated as

F Elastic constant

Hardness

Change due to
Ycalc products

Load/Depth

Depth

Fig. 1. Schematic drawing of load/depth—depth curve.
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axisymmetric two-dimensional bodies taking account of
the calculative efficiency. The Vickers indenter used in the
experiment was modeled to be a conical tip, which has the
same ratio of the depth to a displaced volume as Vickers
and Berkovich tips. Although the discrepancy between the
axisymmetric two-dimensional and the inherent three-
dimensional models is enhanced on the deformation of
a few of elements adjacent to the indenter edges, it is not
expected to cause any noticeable difference in the load—
depth relationship. The model is illustrated schemati-
cally in Fig. 2. The modeled indenter was perfectly rigid.
The contacting interface between the specimen and the
indenter tip was assumed to be frictionless, because
throughout preliminary simulations the frictional force
induced with friction coefficients up to 0.3 had few
effects on the load—depth relationship. The mesh size
was given to be sufficiently fine to keep accuracy: the
minimum element size was 0.05 pm. The total number
of the elements used in the model was 1509. The loading
rate in the calculation is small enough to neglect an
inertia effect as static condition.

The constitutive model of the ceramic specimen
material before immersion was that of an elastic—plastic
von Mises material with isotropic hardening: elastic—
perfectly plastic with no strain hardening. The validity of
these vales was confirmed through the inverse analysis
on the substrate.

4. Results
4.1. Changes of mass, hardness and strength
Fig. 3 plots the changes of mass, hardness and

strength to immersion time, using normalized values:
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Fig. 2. FEM model for indentation simulation.

M/My, H/Hy, o/oy. Except for ZrO,, there was not
considerable mass change throughout the immersion
test up to 1000 h. In particular, the mass change of Si—
SiC was hardly recognized, while the mass of ZrO,
reduced to about 60% by 10 h-immersion in the boiling
sulfuric acid. The hardness is more sensitive to the
immersion time than the mass. Despite the kind of the
ceramics the corroded surfaces tend to become softer as
the immersion time increases.
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Fig. 3. Relationship between immersion time and changes of mass,
hardness and strength.
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The three-point bending strengths of the specimens
were obtained after being immersed for each period. The
strength of SiC increased by about 20% after the immer-
sion for more than 100 h. The corrosion due to the boiling
sulfuric acid has little effect on the strength of Si—SiC. On
the other hand, the strengths of Al,Os, SizN4 and ZrO,
decreased after the immersion: that of ZrO, was remark-
ably degraded after only a few minutes immersion, those
of Al,05 and Si3Ny decreased by about 20% after 1000 h
immersion. Except for ZrO,, the relationship between the
mass change and the strength degradation is unclear
unlike conventional metals. The strength of brittle mate-
rials is very dependent on the surface condition: roughness
and/or flaws on the surface. Since the hardness of cor-
roded surface is considered to be associated with the
strength, the results in Fig. 3 are replotted in Fig. 4 as a
relationship between the hardness and the strength. Fig. 4
indicates the tendency that the larger the hardness the
lower the strength becomes in the cases of SiC and Si-SiC,
whereas the higher the strength in the cases of SisN, and
Al,Os. The hardness may be an applicable parameter to
indicate the strength degradation of brittle materials due
to corrosion. Corroded surface appearance related to the
hardness change will be discussed in Section 4. 3 in detail.
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4.2. L/D-D curve

Fig. 5 shows representative relationships between
load/depth and depth, L/D-D curve, on Si-SiC, Al,O;
and Si;N,4 obtained after 100, 1000 h immersion. In the
cases of Si-SiC, the curves during loading might be
divided into two stages, i.e. Ist stages up to around 0. 15
pm for 100 h and around 0. 30 pm for 1000 h. The slope
of the curve in the Ist stage is lower than that in the 2nd
stage. Hereafter, the depth at which the transition from
the 1st to the 2nd stages occurs is defined as d. The
curves exhibit almost the same slope at the Ist stage
regardless of the immersion time although the slope at
the 2nd stage is affected by the immersion time.

The SiC exhibited the same trend as the Si—SiC. In the
case of Al,O; also divided into two stages, but the slope
at the 1st stage is affected by the immersion time: the
slope decreases with an increase of immersion time. In
the case of SisNy4 in 1000 h immersion, the curve is
divided into three stages. The slope of the 2nd stage is
lower than that in the 1st and 3rd stages. In Section 4.3
discussion will be made in detail on the relationship
between the d-value and corroded surface appearance
and thickness.
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Fig. 4. Relationship between normalized hardness and strength.
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Fig. 5. Load/depth—depth curves of Si-SiC, Al,O3, Si3Ny. The curves
are divided into some stages: two stages in Si-SiC and Al,O3, and
three stages in SizNy.

4.3. Corroded layer appearance

Surface condition was investigated through SEM
observation for the fracture surface to give interpreta-
tion for the L/D-D curve behavior. Fig. 6 shows the
typical fracture surfaces of Si-SiC, Al,Oz; and SizNy
after 1000 h immersion. The formation of films was
observed on Si-SiC surfaces. The film thickness of Si—
SiC measured from SEM observation is about 1.4 um
for 100 h and 2.6 pm for 1000 h. The EPMA analysis
indicating that main compositions of the film are O and
Si and the ratio of atom concentration, O/Si, is 2/1,
implies the silica film formation. Also, the observation
for SiC exhibits the silica film formation as the Si—SiC.

It is seen from the fracture surface of Al,O5; with the
EPMA line profile on S and Al that the corroded layer
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Fig. 6. Fracture surfaces including corroded layers after 1000 h
immersion. In Si-SiC film formation, in Al,O5 gradient corroded layer
formation, in SizNy corroded layer consisting of film and porous layers.
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without any film scale generates in the surface arca
where the grain boundary becomes unclear due to
intergranular attack. Amount of Al in the surface layer
is less than that in the substrate because of Al dissolu-
tion into the sulfuric acid. Additionally, the presence of
S including in the solution is recognized in the surface
layer. The thickness of the corroded layer, therefore,
was determined to be about 17 pum for 100 h and 50 pm
for 1000 h immersion, taking account of the content
change of the Al and S in the surface layer.

In the case of SisNy, the layer with a relatively flat
fracture surface was present close to the specimen sur-
face and a porous layer beneath it. Since the main
compositions of the flat layer are Si and O, the silica
film forms on the specimen surface as Si-SiC. Accord-
ing to the EPMA line profile on S and an additive Ce, S
exists in the corroded layer and the amount of Ce
decreases in it. It is deduced that Ce was liquated out
and S permeated into the porous layer. That is, the
corroded layer consisting of the silica film and the por-
ous layer was formed. The thickness of the corroded
layer increase with the immersion time: about 10 mm
for 100 h and about 20 um for 1000 h immersion,
including the silica film of 2 and 6 pm thickness,
respectively.

Fig. 7 shows the relationship between the thickness of
film Ty and corroded layer T, obtained from the SEM
observation and the d-value of L/D—D curve. The L/D—
D curve was fitted to a polynomial of the 6th order to
quantitatively evaluate the d-value indicating the slope
changing depth. The SizN4 has two d-values associated
with the formation of film and porous layer: one at the
transition from the 1st and the 2nd stages and another
from the 2nd and the 3rd stages. The latter is adopted as
the d-value of the corroded layer in SizNy. It is recog-
nized that the relationship between d and T is descri-
bed as T¢.~10d, except for the range of d<0. 2 um in
the film. We will discuss the relationship in detail
through the inverse analysis on the L/D-D curve in 5. 1

5. Discussion
5.1. Inverse analysis on L/D-D curve

The inverse analysis on the L/D-D curve contributes
to understanding of the L/D-D behavior and to estima-
tion of mechanical properties of the film and the cor-
roded layer: Young’s modulus and yield stress. We
categorized the corroded-layer formation into three
types: the film formation: Si-SiC, SiC, the gradient
porous layer formation; Al,O3, and the film and porous
layer formation; SisNy, as illustrated in Fig. 8. For the
inverse analysis, in the case of the SiC and Si-SiC, the
elastic properties of silica scales evaluated by micro-
indentation method® were adopted as the properties of
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Fig. 7. Relationship between the d-value obtained from L/D-D-curve
and thickness of film and corroded layer. In the film thickness less
than 0.2 mm, the tip roundness effect is recognized.

the film. In the case of the Al,Os, we assumed that the
property correspond to the Al composition increasing
gradually with the depth from the surface, as taking
account of the EPMA line profile shown in Fig. 6. The
corroded layer has the graded properties: E is varied
from 4 GPa near the surface to 270 GPa near the suba-
trate and o, from 0.4 to 2.9 GPa, as tabled in Fig. 8. In
the case of the SizNy, the properties of the film formed
on the surface are the same as the silica scales of Si-SiC
and SiC. As for the properties of the corroded layer
between the silica film and the substrate, we determined
them after iterating a number of calculations to reach a
suitable coincidence between analytical and experi-
mental results on the L/D—D curves. Mechanical prop-
erties evaluated for the film and corroded layers are
tabled in Fig. 8, respectively. Fig. 8 shows the compar-
ison between experimental and analytical results on the
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Fig. 8. Comparison on L/D-D curve between experimental and analytical results. Corroded layer models are shown in figures. Evaluated properties

of layers are tabled.

L/D-D curves. The analytical results give good agree-
ment with the experimental ones. Fig. 9 illustrates an
example of the deformation and the maximum principal
stress under indenter obtained from the FEM inverse
analysis in the case of Si—SiC. When the d is smaller
than T¢/10, the stress hardly imposes on the substrate
and the indent load is not affected by the substrate.
While, if the d becomes larger than 7¢/10, the maximum
stress appears in the substrate so that the L/D—D curve

is definitely affected from the substrate. It can be said
through the inverse analyses that when an indentation is
made on the film and/or the corroded layer attached to
a substrate having different elastic and plastic proper-
ties, the slope of the curve reflecting the indentation
process is expected to change due to the gradually
increasing influence of the substrate.

Additionally, if the thickness of film is small, influence
of the roundness of the indenter tip can not be ignored
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as the silica films formed on SiC and Si-SiC substrates
seen in Fig. 7. In the analysis the tip radius was changed
from 0~3. 0 um. The deviation from the relationship of
T=10d appeared at larger depth as the tip radius
increased. The analytical results using r=1.5 um
describe appropriately the experimental ones as shown
in Fig. 7. The tip radius measured experimentally with a
laser microscope was about 1.5 um. The analytical
results shown in Fig. 8, therefore, take the 1.5 um tip
radius into account and give good agreement with
experimental ones. It is confirmed that the micro-
indentation technique combined with inverse analyses
enables us to estimate the mechanical properties of the
corroded layers and particularly the corroded depth
which is associated with the strength degradation due to
corrosion.
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Fig. 9. Deformation and maximum principal stress distribution under
indenter in the case of Si-SiC: (a) d< T/10; (b) d> T/10.

5.2. Evaluation of strength degradation

One of the objectives of this work has been to relate
the microindentation technique with the corrosion
damage evaluation. The important information given by
the microindentation technique is the corroded depth
and the film thickness, which may be used to quantify
the corrosion damage. In the cases of AlLO3 and SizNy,
the relationships between the slope change depth ¢ and
the fracture strength for each immersion time were plot-
ted in Fig. 10. The fracture strength is strongly associated
with the corroded surface condition. *1© Assuming that
the corroded layer is the surface flaw which causes crack
propagation to fracture, the equivalent crack length to
the surface flaw is given by:

ae ~ T, ~ 10d 2

We then tried to quantitatively evaluate the strength
degradation of Si3N4 and Al,O3 using the relationship
between an equivalent crack length a. and an intrinsic
fracture toughness Kjc, given by:

W (Kic/1.120)*

€

(€)

T

assuming a surface edge crack.!! The relationship
between the equivalent crack length and the fracture
strength was described as a line drawn in Fig. 10, using
Eq. (3) and Kjc in Table 1. Except for Si3N, in 1000 h
immersion, it is found that the strength degradation was
adequately evaluated by using Eq. (3) and the relationship
between a., T and d is describable by Eq. (2) and the
strength degradation due to corrosion is nondestructively

Equivalent crack length a, (Lm)
10 100

1000 ... 8.
800 [
600 | /

400 | 4

M |

Fracture strength (MPa)

200 | K, =3.8MPam'? 1

Lol 1 L L

1 10
Slope change depth d (um)

Fig. 10. Fracture strength of SizN; and Al,O; as a function of
equivalent crack length calculated from depth of slope change d.
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evaluated by using the microindentation technique. The
strength of SizNy4 after 1000 h immersion, at a.~20 um,
is higher than the line given by Eq. (3). This seems to be
because the film formation above the porous layer in
SisN, has a function to strengthen:'? the thickness of
the film after 1000 h immersion reaches to about a third
of the corroded layer.

6. Conclusion

The instrumented depth-sensitive microindentation
technique was applied to evaluate mechanical properties
on the thin corroded layers of ceramic materials which
were immersed in boiling highly condensed sulfuric acid
up to 1000 h. The indentation load—depth curves were
analyzed using a finite element model to investigate the
effect of the film or the corroded layer on the curves.
The main conclusions are summarized as follows:

1. The corrosion behaviors of these ceramic materials
were divided into three types: (1) Si—SiC and SiC
exhibited excellent corrosion resistance because of
the protective oxide film formation during immer-
sion; (2) the bending strength of Si3N4 and Al,O3
decreased with increasing immersion time because
of the corroded layer formation; (3) the bending
strength of ZrO, decreased with remarkable
weight loss.

2. The thickness 7' of the corroded layer was eval-
uated from the depth d which is determined by the
slope change of the L/D-D curve.

3. The mechanical properties of both the oxide films
and the corroded layers were evaluated on the
basis of analytical and experimental results on the
indentation curves. Then, it was confirmed that the
relationship between the thickness 7 of both oxide
films and corroded layers and the depth d is
described as T~10d.

4. The bending strengths of SisN4 and Al,O5 after the
immersion were evaluated using both the d asso-
ciated with the corroded layer thickness and the Kjc
obtained before immersion. As a result, it was found

that the strength degradation of Si3N4 and Al,O3
due to the boiling sulfuric acid corrosion can be
estimated with both the Kjc and the d-value.
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