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Abstract

Cordierite Mg, Al;Si50,g is a material for diesel particulate filters (DPF) with high potential. Its resistance to two simplified model ashes has been
tested on single crystals at temperatures up to 1050 °C, which are realistic for use under ‘worst case’ conditions. Single crystals were examined in
order to investigate the orientation dependence of attack due to the strongly anisotropic nature of the Cordierite crystal lattice. A mixture of sodium
carbonate and silica was used to study the attack of an alkali-rich ash composition and a mixture of the Ca, Mg and Zn orthophosphates to study an
ash composed of typical main constituents of ashes found in DPF used in traffic. The sodium-rich ash formed a melt and attacked the Cordierite by
dissolving it. No anisotropy in the corrosion was observed, because the attack is controlled by outward diffusion of Mg. A kinetic break occurs in
the system, caused by the formation of a Nepheline product layer, slowing down corrosion. A much stronger corrosion of Cordierite occurs by the
phosphate mixture at 1050 °C. Excessive melt formation from the ash causes fast dissolution of the substrate with melt saturation within minutes.
Anisotropy of the dissolution process could not be detected. The initial kinetics is dominated by saturation effects, which slow down corrosion.
The saturated melt attacks Cordierite by reaction processes leading to the formation of new crystalline phases. This process is much slower than
the initial dissolution process but may significantly contribute to the destruction of Cordierite substrates if large contact areas between ash melt and
Cordierite exist. Additionally, the formation and local growth of crystalline phases causes the extension of faults, which may eventually become
critical.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction When the soot is periodically burnt off to clean the filter in a

so-called “regeneration” process, these components form the

Cordierite Mgy Al4Si5O1g has received much attention dur-
ing the past decades as a potential material for the application in
diesel particulate filters (DPF), mainly because of its excellent
thermal shock resistance resulting from its very low thermal
expansion.!> The corrosion resistance of Cordierite remains
an important issue in studies on Cordierite as a material for
particulate filters. During use, a DPF collects soot, i.e. carbon-
based particles from diesel combustion, as well as small amounts
of components other than carbon and organic matter. These
typically include compounds containing Ca, Mg, Zn, P and S
originating from fuel or lubricating oil, as well as metals or metal
oxides from wear of the engine or the exhaust gas system.>~!!
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so-called “ash”, which remains within the filter. If a regener-
ation process is not well controlled, there is a possibility that
very high temperatures above 1000 °C might occur within the
filter.>!? Even peak temperatures exceeding 1100 °C have been
reported.'>!4 At these high temperatures, the ash may damage
the Cordierite filter material. Possible deterioration mechanisms
include reactions between ash and Cordierite* %1520 or melting
of the Cordierite below its intrinsic melting point by the forma-
tion of eutectic liquids between ash and filter material.3->-17-19-21
Reaction products and critical temperatures for the attack of
numerous potential ash compositions (single components or
component mixtures) on Cordierite DPF have been reported in
the literature cited above. However, information on actual pro-
cesses occurring during the corrosion of Cordierite by ashes,
which determine the progress and velocity of the corrosion, is
scarce.


mailto:klaus.nickel@uni-tuebingen.de
dx.doi.org/10.1016/j.jeurceramsoc.2010.01.018

1630 N. Maier et al. / Journal of the European Ceramic Society 30 (2010) 1629—1640

Various studies have shown that compounds of alkaline ele-
ments Na and K are particularly critical in respect to a corrosive
degradation of Cordierite substrates.%!3-17:18:2022 AJkaline com-
pounds can be accumulated in ashes from de-icing salt on roads
during winter or from salt-rich air in seaside areas.’ Alka-
line compounds might also be introduced by catalytic coatings
applied to DPF in order to combine filter function with catalytic
properties.”> Sodium compounds have also been suggested as
fuel-borne catalysts to reduce filter regeneration temperatures>*;
when such catalysts are used, high sodium concentrations in
ashes have to be expected as catalysts strongly contribute to ash
formation. Finally, contents of alkaline elements from biodiesel
fuel blends> or accidentally contaminated diesel fuels might
contribute to ash.

Two slightly different crystal structures of Cordierite,
a hexagonal “high temperature” form (Indialite) and an
orthorhombic “low temperature” form, are known.2027 Most
natural and synthetic Cordierites do not belong to a pure modifi-
cation, but a mixed structure between the two end members.20:27
Both modifications have a strongly anisotropic crystal struc-
ture with large channel-like structures in the direction of
one crystallographic axis (further referred to as the cp-axis,
as it corresponds to the cp-axis in the hexagonal modifica-
tion and also in the orthorhombic modification, provided that
the allocation of the crystallographic axes is chosen so that
ap > b() > C()).

Based on experimental observations and literature reports,
Montanaro et al. raised the question whether these channel struc-
tures have an influence on the corrosion of Cordierite as the
diffusion of ions in channels might increase the amount or veloc-
ity of the deterioration of Cordierite.!>2° However, a study by
Bachiorrini®® aimed at answering this question via measure-
ments with IR spectroscopy on reacted mixtures of Cordierite
and sodium carbonate showed no evidence for the diffusion
of sodium in the Cordierites channel structures. Therefore, the
channel structures do not provide a pathway for significantly
enhanced diffusion of alkali atoms in the Cordierite struc-
ture during corrosive attack. However, the strongly anisotropic
crystal lattice still makes significant differences in the corro-
sion resistance of the material in different crystal directions
likely. Such differences may be very important for the degra-
dation behavior of typical Cordierite DPF, which are made from
extruded honeycombs. In these extruded bodies, a strong orien-
tation of Cordierite crystals exists.!"> Therefore, anisotropy in
the corrosion resistance of the Cordierite lattice might strongly
influence the deterioration process of the filter material during
attack by ashes.

In this paper we present results of a study on the attack of
ashes on natural single crystals and give models to provide new
insight in deterioration processes of Cordierite DPF during ash
attack.

2. Experimental
Experiments were performed on samples from a natural

Cordierite single crystal from the Republic of South Africa.
Chemical composition as determined by inductively coupled

Table 1
Chemical composition of Cordierite crystal.

Oxide Content (wt%)
Al O3 33.7

MgO 11.8

SiOy 48.0

F6203 3.03

MnO 0.22

Na,O 0.33

CO, 0.43

plasma optical emission spectroscopy with carrier gas hot extrac-
tion for the determination of carbon content is given in Table 1.

The orientation of the crystallographic cp-axis within the
crystal, corresponding to the direction of the channel structures
in the Cordierite lattice, was identified by XRD. Subsequently,
samples with surfaces orientated perpendicular and parallel to
the axis ¢, respectively, were cut out of the crystal. Sample sur-
faces were ground with a 500-grit abrasive paper to ensure equal
surface roughness in all cases.

For corrosion experiments, pellets with a diameter of 8§ mm
were pressed from 0.1 g of ash and placed on the sample surfaces.
Two different ash compositions were used:

(1) A mixture of 1mole of NayCO3 with 1.5 moles of SiO,
(sodium silicate ash). The mixture was used to examine
the corrosion of Cordierite in a very alkali-rich environ-
ment. This mixture reacts to sodium silicate(s) and gaseous
CO, at high temperatures.”>3 The phase diagram?®! indi-
cates an onset of melting at 830 °C and complete melting
at app. 930 °C for the chosen ratio of NayO to SiO;. From
literature reports as mentioned in Section 1, it is known
that sodium compounds like NayCO3 cause severe corro-
sion already at temperatures several hundred degrees below
1000 °C if atmospheric conditions allow for the formation
of highly reactive Na;O. According to reports on the com-
position of ashes collected from DPE,>%:11.32 sodium occurs
only as a minor component in many ashes. However, if high
sodium levels are accumulated in a filter from one or more
of the sources mentioned in Section 1 or if low-melting alka-
line compounds segregate from an ash as melts and thus get
concentrated on filter surfaces, sodium attack on DPF sub-
strates is likely to play a crucial role in filter degradation.
The formation of sodium-rich melts is known from corro-
sion experiments of Cordierite with pure sodium salts.!”-13
Therefore, alkali attack on Cordierite through an alkali-rich
melt is expected during worst case regenerations of DPF if
the filter is in contact with alkali-rich ash. The mechanisms
of the corrosion of Cordierite by such melts have never been
examined in detail yet. The model ash used is likely to rep-
resent a corrosion process as it may occur after some initial
reaction between Cordierite and high alkali ashes; initial
reactions between Cordierite and pure sodium compounds,
which may occur at temperatures even lower than reactions
between Cordierite and the ash composition used here, can-
not be examined in experiments with the sodium silicate
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Fig. 1. SEM image (cross-section) of the interface between Cordierite and sodium silicate ash after S min at 1000 °C; numbers 1...3 indicate corrosion zones;

T =transition zone.

ash. The attack of alkali-silicate melts on filter substrates
might also occur as a genuine corrosion process if an ash
contains high amounts of silica (which might originate from
dust particles in the inlet air’>'! or be leached from engine
sealing components>>) additional to alkali compounds.

(2) An equimolar mixture of Caz(PO4)2, Mg3(POy4); and
Zn3(PO4)> (phosphate ash). Orthophosphates of Ca, Mg
and Zn are typical main constituents of real filter ashes
according to literature,>*!! so the corrosion mechanism
by the attack of these phosphates is expected to be highly
relevant for the deterioration of Cordierite filters in realistic
environments.

The Cordierite samples with the ash pellets were placed
in covered alumina crucibles and exposed to isothermal heat-
treatments with different maximum temperatures and exposure
times in a tube furnace. Heating and cooling rates were 250 °C/h
in all tests.

Pellets with the sodium silicate ash were heat-treated at
1000 °C for 5, 30 and 60 min to examine the development of
corrosion at a ‘worst case’ regeneration temperature of a DPF.
An additional test was made with 5 min exposure time at 900 °C
to examine the ash attack under less severe conditions.

Pellets with the phosphate ash were heat-treated at 1000 °C
for 30 min in a first test. No corrosive attack was visible after this
treatment, thus further experiments were performed at 1050 °C
with exposure times of 10 and 20 min. This temperature is less
likely to occur within a filter than the 1000 °C chosen for the
tests with the sodium silicate ash, but it is still well within the
range of possible temperatures reported for ‘worst case’ fil-
ter regenerations.!>!4 Cross-sections of the corroded samples
were prepared by embedding the samples in a resin, followed
by grinding and polishing.

The cross-sections were examined with scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) using a LEO 35VP microscope with an OXFORD
INCA x-sight EDX detector. Micro-X-ray diffraction (XRD)
was used to identify crystalline phases in cross-sections of

corroded samples using a BRUKER D8 Advance microdiffrac-
tometer (Bruker-AXS GmbH, Karlsruhe, Germany) with CoKa
radiation and a HOPG graphite primary monochromator. The
diffractometer is equipped with an areal detector. CuKa radia-
tion was used. The irradiated spot size was below 100 pm.

Additional XRD examinations were performed on a powder
mixture of phosphate ash and Cordierite (ratio 4:1 on a molar
basis) after 10 min heat-treatment at 1050 °C for additional
information on reaction products. A BRUKER-AXS D8 diffrac-
tometer (CuKa radiation, Bragg-Brentano optics, scintillation
counter) was used for the measurement. Element distribu-
tions in cross-sections of corroded samples were additionally
analyzed by time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) using an IonTOF [V spectrometer. Areas of
approximately 200 pm x 200 wm were analyzed. Primary ions
were Bi* (energy: 25 keV). The lateral resolution was approxi-
mately 500 nm.

3. Results
3.1. Samples with sodium silicate ash

Ash pellets were strongly deformed after all heat-treatments.
Their appearance was glassy, indicating strong melt formation
during the heat-treatments.

After all treatments at 1000 °C, a typical damage pattern was
found. Above a remaining unreacted Cordierite, several zones,
differing in their element contents (as measured by EDX and
confirmed by TOF-SIMS) were found. In Fig. 1, this pattern
is shown for a sample after 5 min corrosion at 1000 °C. Ele-
ment contents of the respective corrosion zones as measured by
EDX are depicted in Fig. 2. The following corrosion zones were
identified:

(1) “Zone 1” has a ratio Na/Si in the range between 0.7 and
1.0, an Al content of 10-12 at.% and 1-2 at.% Mg. Crystal-
shaped features were sometimes observed.
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Fig. 2. Element contents of corrosion zones as measured by EDX in samples
after 5 min corrosion at 1000 °C with sodium silicate ash; numbers 1...3 indicate
corrosion zones; T = transition zone; filled symbols: ash on surface perpendicular
to co; open symbols: ash on surface parallel to cp; error bars indicate standard
deviations.

(2) “Zone2” has a well-defined ratio Na/Si in the range between
0.8 and 0.9. The Al content is comparable to zone 1, the
Mg content certainly much lower than in zone 1. Often,
no magnesium was detected at all in EDX measurements.
The zone appears to consist of lath-shaped oriented crys-
tals mainly. Micro-XRD measurements, which showed no
crystalline phases within the ash bulk after corrosion, identi-
fied the presence of Nepheline NaAlSiO4 near the interface
between Cordierite and ash (see Fig. 3). Therefore zone 2
is taken to consist mainly of Nepheline.

(3) “Zone3”ischemically distinct with a much lower Al content
of app. 4 at.% only. The Na content is much higher than in
zones 1 and 2, the ratio Na/Si lies between 0.9 and 1.1 and
is thus comparable to zone 1. The Mg content is lower than
in zone 1, but higher than in zone 2.

(4) Above zone 3, with or without a transition zone, we have
the ash bulk. In all samples, the ratio Mg/Al is >0.5. This is

Q

A

Intensity (a. u.)

IR RY
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Diffraction angle 2 © (°)

Fig. 3. XRD pattern of corrosion products near the interface Cordierite—ash after
1h corrosion at 1000 °C with sodium silicate ash; arrows mark reflexes from
Nepheline; “C” marks reflexes from Cordierite; “A” marks an artifact signal
from the X-ray optics.

a higher Mg/Al ratio than the Cordierite substrate. Carbon
contents within the ash are close to or below the detection
limit of EDX, i.e. <1 at.%.

The distinct transition zone between zone 3 and the ash
bulk (“T” in Fig. 1) present after 5min heat-treatment at
1000 °C is characterized by low contents of Al (<3 at.%) and
Mg (<0.5 at.%) and becomes fuzzy for longer exposure times at
1000 °C.

With increasing exposure time, no distinct development of the
compositions of the corrosion zones was detectable. The compo-
sitions stay constant within the error limits (standard deviations
of measured average values) or show only slight irregular uncor-
related variations. This is depicted in Fig. 4 for the development
of Al, Mg and Na contents of zones 1 and 3 with increasing time
at 1000 °C.

However, the thickness of the corrosion zones 1 and 2
clearly increases with time (Fig. 5). A linear fit of the growth
of the zones during dwell time at 1000°C gives a growth
rate of 0.090 pum/min with an intercept of 2.9 um for zone 1
(R*=0.9997), and a growth rate of 0.044 pm/min with an inter-
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Fig. 4. Development of Al, Mg and Na contents of corrosion zones 1 and 3
during corrosion with sodium silicate ash at 1000 °C as measured by EDX;
average values for samples with ash orientated parallel and perpendicular to cg;
error bars indicate standard deviations.
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Fig. 5. Development of the thickness of corrosion zones 1 and 2 during cor-
rosion with sodium silicate ash at 1000 °C; average values for samples with
ash orientated parallel and perpendicular to cp; error bars indicate standard
deviations.

cept of 7.4 wm for zone 2 (R? = 0.80). The combined growth rate
for zones 1 and 2 is 0.135 wm/min with an intercept of 10.2 pm
(R*=0.98). Thus zone 1 seems to develop much faster than zone
2.

Information on the possible growth of zone 3 could not be
deduced due to the increasingly fuzzy transition between zone
3 and the ash bulk with increasing exposure time.

In the sample heat-treated for 5 min at 900 °C, no individual
corrosion zones could be resolved. In SEM images, an overall
zone with a thickness of <5 wm can be distinguished within the
ash directly at the interface between ash and Cordierite. In EDX
measurements, this zone showed significantly higher Al contents
and lower Mg contents than the ash directly above this zone (see
Fig. 6).

Al content: 3.5 (£ 0.2) at. %
Mg content: 1.0 (£ 0.1) at. %

Al content: 10.5 (+ 0.9) at. %
Mg content: 0.4 (+ 0.1) at. %

Fig. 6. SEM image (cross-section) of the interface Cordierite—ash after 5 min
corrosion at 900 °C with sodium silicate ash; element contents of two different
zones within the ash as measured by EDX.

No evidence for any diffusion of sodium into the Cordierite
was found. In EDX measurements as well as in TOF-SIMS
measurements, a distinct step-like pattern was measured for the
sodium content at the interface between ash and Cordierite with-
out any increase of Na content within the Cordierite near the
interface. This result was obtained for both orientations of ash
relative to Cordierite.

No significant differences in the element contents of the cor-
rosion zones (i.e. differences without overlap of the standard
deviations of measured average values) were detected for sam-
ples with different orientations of ash relative to the Cordierite
lattice. Thus, surprisingly, the distinct anisotropy of the structure
of Cordierite is not reflected in the corrosion behavior.

3.2. Samples with phosphate ash

3.2.1. Powder mixture

XRD measurements on the powder mixture of Cordierite and
phosphate ash after 10 min at 1050 °C showed a complex pattern
indicating the presence of numerous different phases. In accor-
dance with the EDX measurements on the corroded crystals (see
below), the following phases could be identified:

(1) A phase with Stanfieldite (Cas(Mg,Zn)5(PO4)g) structure.
(2) Silica in the form of Cristobalite.
(3) A spinel phase with zinc-rich composition.

Several main reflexes in the diffractogram could not be
assigned to any phase included in the International Center for
Diffraction Data’s PDF4+ database. It is assumed that these
reflexes belong to a Ca—Mg—Zn phosphate phase as identified
by EDX measurements (see below). No increased background
is present in the diffractogram, indicating that contents of amor-
phous phases in the ash after heat-treatment are low. Only weak
signals from Cordierite were identified, indicating that a large
fraction of the Cordierite in the powder mixture has been con-
verted to other phases.

3.2.2. Single crystal-ash pairs

After 30 min heat-treatment at 1000 °C, strong sintering of
the ash (shrinkage of the ash pellet and low porosity within
the pellet after heat-treatment) was observed. Results of SEM
and EDX measurements on a cross-section through heat-treated
sample indicate the formation of mixed Ca—Mg—Zn phosphates
within the ash. However, no indications for any interaction
between Cordierite and ash were observed.

After 10min at 1050 °C, the ash pellet appeared strongly
deformed, indicating excessive melt formation. In SEM and
EDX examinations, considerable corrosive attack of the ash on
the Cordierite was evident. The surface of the Cordierite below
the ash has receded irregularly up to several tens of micrometers
relative to the original surface as extrapolated from uncorroded
areas of the Cordierite adjacent to the corroded areas below the
ash pellet. Due to the irregular nature of the Cordierite recession,
no reasonable quantification of the depth of this recession was
possible.
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Phosphate containing Ca, Mg, Zn;

No Al or Si contents

Phase rich in Al and Si

e Ca:Mg:Zn=1:1:<05
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(Ca+Mg+Zn)/P = 1.5

Ca:Mg:Zn=1:1:1
(Ca+Mg+Zn)/P = 1.5

Areal scans:
Al = 0.9 atomic %
Si= 1.1 atomic %

Fig. 7. SEM image (cross-section) of Cordierite and phosphate ash after 10 min at 1050 °C; phase compositions and contents of Al and Si within the ash as measured

by EDX.

In the ash above the Cordierite, no distinct zones of differ-
ent element compositions as in the samples corroded by sodium
silicate ash exist. Instead, the ash contains a mixture of sev-
eral distinguishable phases throughout the whole volume. EDX
measurements revealed two different phases rich in phospho-
rous as the main constituents of the reacted ash (see Fig. 7).
One phase contains approximately equal amounts of Ca, Mg
and Zn (with slight Zn enrichment); the other phase contain-
ing approximately equal amounts of Ca and Mg and clearly
lower contents of Zn is probably the Stanfieldite phase identi-
fied by XRD in powder experiments. Both phases show ratios
(Ca+Mg+Zn)/P of approximately 1.5 in accordance with the
composition of (Ca,Mg,Zn)3(PO4);, orthophosphates contained
in the original ash.

On a macroscopic scale the distribution of Al and Si in the
whole volume of the ash above the Cordierite as measured by
EDX areal scans is homogeneous (Fig. 7) and no indications for
any diffusion profile were found by EDX or TOF-SIMS. How-
ever, locally the distribution of Al and Si within the reacted ash
is not homogeneous: SEM and EDX examinations showed that
the phosphorous-rich phases which are the main constituents
of the ash do not contain any significant amounts of Al or Si.
Instead a phase rich in Al and Si appears to form a bound-
ary phase, separating individual grains of the phosphorous-rich
phase, which in turn is a homogeneous Ca, Mg and Zn phos-
phate phase (Fig. 7). The small size of the grain-boundary phase
excluded the determination of its exact composition by EDX.

Minor phases detected by EDX throughout the reacted
ash showed silica and zinc-rich spinel (®ZnAl,04) composi-

tions in accordance with XRD measurements on the reacted
powder mixture. Large clusters of these phases are found
typically near the ash/Cordierite interface (Fig. 8). These clus-
ters are often connected to cracks in the Cordierite: they
fill the cracks and reach into the ash as an extension of
the cracks. Most probably, these “extensions” of the cracks
are formed when Cordierite around a crack filled by the
respective phases is removed by corrosion. Phosphorous-rich
constituents of the ash in contact with the silica/spinel clus-
ters are generally of the zinc-depleted type (Stanfieldite)
(Fig. 8).

No evidence for anisotropic corrosion was found by com-
paring the Al and Si contents measured by EDX areal scans of
the ash in samples with ash deposited on surfaces parallel or
perpendicular to the axis co (Fig. 9) and no indications for any
diffusion of ash elements into the Cordierite lattice were found
by EDX or TOF-SIMS.

4. Discussion
4.1. Samples with sodium silicate ash

The lack of carbon within the ash after the heat-treatments
and the molten appearance of the heat-treated ash pellets indicate
that the expected formation of a sodium silicate melt from the
ash did indeed take place during heat-treatments.

The lack of any indications for a diffusion of sodium into the
Cordierite lattice confirms the results of the spectroscopic exam-
inations by Bachiorrini?® and falsifies earlier hypotheses:!>2°
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Fig. 8. SEM image (cross-section) of the interface between Cordierite and phosphate ash after 10 min at 1050 °C; phase compositions as measured by EDX.
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The attack of sodium compounds on Cordierite is a surface
process.

The following model (Fig. 10) was developed to explain the
observed behavior:

1. During heating-up, sodium carbonate reacts with silica to
form sodium silicate and gaseous CO;. In accordance with
the phase diagram?! the sodium silicate forms a melt at tem-
peratures above 830 °C. The sodium silicate melt attacks
the Cordierite by dissolving it, hereby enriching the melt in
both Mg and Al. The dissolved elements from the Cordierite
diffuse away from the ash/Cordierite interface.

2. Mg diffusion is faster than Al diffusion in the melt. This
causes the development of a compositional profile within the
melt: Al enrichment and high Al/Mg ratios in the ash melt
near the Cordierite and low Al/Mg ratios within the ash bulk.

3. After a critical enrichment in Al and a sufficient depletion in
Mg in the melt are reached, the crystallization of Nepheline
NaAIlSiOy4 near the ash/Cordierite interface takes place. This
Nepheline corresponds to corrosion zone 2 in Fig. 1. The
grain boundary phase visible between the crystals has to be
rich in silicon and sodium, because the Na content of the zone
is slightly higher than the Al content (Fig. 4) and the Na/Si
ratio lies slightly below 1.

The initial formation of a several micrometers thick
Nepheline layer after 5 min at 1000 °C and the slow growth
afterwards suggest that Nepheline nucleation is crucial for the
kinetics of the process. At 900 °C (Fig. 6) the critical con-
dition for Nepheline crystallization seems not to be reached
in a short time. Nepheline formation therefore occurs only
after a wider distribution of Al and Mg within the ash layer,
the crystallization occurring simultaneously within a layer of
several micrometers thickness and not as a continuous growth
process starting from a thin initial layer.

4. Once a Nepheline layer is established, it acts as a barrier
for further diffusion of Mg from dissolved Cordierite into
the ash. Mg diffusion is confined to the grain boundaries
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3) Crystallisation of Nepheline from the Al enriched zone
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Fig. 10. Model for the attack of sodium silicate ash on Cordierite (cross-section).

of the Nepheline crystals. This causes the formation of the
magnesium-rich zone 1 below the crystals observed in the
samples treated at 1000 °C.

5. Above the Nepheline, the continued fast diffusion of Mg and
the slow diffusion of Al in the ash melt lead to the formation
of the alumina-rich and magnesia-poor zone 3. The continued
development of such a profile will allow the Nepheline layer
to grow slowly with time.

The model outlined above has therefore several stages: dis-
solution of Cordierite in the attacking melt, development of
a compositional gradient, crystallization of a Nepheline bar-
rier, causing a kinetic break and subsequent continued slower
growth of a layered system. Even though an initial chemical
reaction (dissolution) and kinetic breaks are involved, the pro-
cess is mainly diffusion controlled. This explains the isotropy of
the corrosion on a distinctly anisotropic material.

However, a diffusion rate limited model should — even with
breaks — show a diminishing corrosion rate and ideally become
parabolic at long times. The linear growth rate fitted for zone

1 (0.090 pm/min+2.9 wm) in Fig. 5, which is equal to the
recession of Cordierite during the corrosion process after the
formation of the Nepheline layer, seems to contradict this model.
We interpret this to be a mathematical problem:

According to the model, the recession rate of Cordierite,
dXCordierite/dt, (the growth rate of zone 1) is proportional to the
flux of Mg through the Nepheline layer which is defined as

D. CMg,zone 1 — CMg,zone 3

XNepheline

with D being the diffusion coefficient of Mg in the Nepheline
layer, c¢Mg,zone 1 and cMmg zone 3 being the Mg concentrations in
zone 1 and 3 (below and above the Nepheline layer), respectively
and XNepheline being the thickness of the Nepheline layer. If the
diffusion coefficient and the Mg concentrations below and above
the Nepheline layer are constant as verified for the examined
samples, the proportionality can be simplified to
1

dXCordierite ™~ ———dL.
XNepheline
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zone 2,
XNepheline

Inserting the extrapolated growth rate for
ie. the Nepheline layer, from Fig. 5 as
(7.35 pm + 0.045 pm/min) and integrating gives

In(7.35 + 0.045 - 1)
0.045

for the time range between 0 and 60 min at 1000°C with
XCordierite being the recession depth of Cordierite.

If this function is plotted for times between 0 and 60 min, only
minor deviations from linearity occur. A linear extrapolation
through the calculated data points has an R? value of 0.998. Such
slight deviations from linearity cannot be visible from experi-
mentally determined values for the thickness of zone 1 (i.e. the
depth of Cordierite dissolved during the corrosion process) due
to their scatter.

Therefore, the corrosion model developed above is in accor-
dance with the measured data. The determined linear growth
rate of zone 1 is a good approximation for the recession rate of
Cordierite at 1000 °C after the barrier effect of the Nepheline
layer (zone 2) has come into effect as long as extrapolations are
not made for corrosion times >>1h.

XCordierite ™

4.2. Samples with phosphate ash

The absence of any reactions between Cordierite and ash at
1000 °C, where no indications for the melting of large portions
of the ash were found, indicates that no significant corrosion via
solid state reactions is occurring. At 1050 °C, strong melting of
the ash occurs and excessive corrosion of the Cordierite substrate
is evident. This suggests that melting of the ash is the decisive
factor for the occurrence of significant corrosion.

The contents of Al and Si within the ash and the recession
of the Cordierite surface below the ash after heat-treatments at
1050 °C show that the substrate is dissolved by the molten ash.
The recession depth of the Cordierite is no reliable measure for
the amount of corrosion due to its very irregular nature not allow-
ing an exact quantification. A better measure for the amount of
corrosion is the content of Al and Si within the reacted ash.
The elements are not contained in the original ash and there-
fore give a measure of the amount of Cordierite dissolved in
the ash during corrosion. The largely homogeneous distribution
of the elements within the ash allowed a reasonable quantifica-
tion by EDX. There were no significant differences in the Al
or Si contents measured for samples with different orientations
of ash relative to the Cordierite lattice (Fig. 9): the corrosion
of Cordierite was equally strong for both orientations tested at
1050°C.

There was no diffusion of ash elements into the Cordierite
lattice detected, thus the corrosion by the phosphate ash is a
surface process.

The following model (Fig. 11) was developed to explain the
observed phenomena.

At 1000°C, partial melting of the phosphate mixture
is expected, because the lowest eutectic in the system
Ca3(PO4),—Zn3(PO4)> lies at approximately 970°C.3* The
melt is wetting grain boundaries within the ash and leads
to liquid-phase assisted sintering; the capillary forces keep

the small amounts of melt in the ash body and prevent sig-
nificant attack of the Cordierite substrate. Between 1000 °C
and 1050 °C, the melt formation from the ash becomes very
strong. Due to the lack of a phase diagram for the system
Ca3(PO4)2—Mg3(PO4)2—Zn3(PO4),, no exact information on
the degree of melting is available. It is assumed that the major
portion of the ash is molten at 1050 °C. This assumption is real-
istic, because a mixture of 50 mole% Ca3(PO4); and 50 mole%
Zn3(PO4)> would consist of approximately 80% melt at this
temperature according to the phase diagram.>* Further lig-
uidus depression is likely in the ternary case with Mg3(PO4)>
added.

The molten ash dissolves Cordierite quickly. The homo-
geneous distribution of Si and Al within the ash after the
heat-treatments at 1050 °C indicates a fast diffusive distribu-
tion of the elements within the ash melt, i.e. very high diffusion
rates for all elements involved are indicated for the phosphate
melts.

There was no significant increase in the Al and Si contents
of the ash measured after 20 min heat-treatment relative to the
samples heat-treated for 10 min. We interpret this to be due to
the fast diffusion: Within a short period of time (i.e. <10 min),
the melt becomes saturated with Al and Si or at least reaches
a state close to saturation. The amount of Cordierite dissolved
becomes then a saturation limit controlled feature.

At high temperatures, Al and Si are in solution in the phos-
phate melt. The observed segregation takes place during cooling.
Al and Si exsolve from the phosphate melt forming the grain-
boundary phase dividing the phosphate within the ash into
numerous small bodies. There is no information available from
the experiments whether the segregated phase solidifies as an
amorphous phase or whether it (partially) crystallizes during
cooling. However, at least part of the Al and Si crystallize and
form the silica and spinel phases identified within the reacted
ash in addition to the grain-boundary phase.

The high concentrations of silica and zinc spinel inside
and adjacent to cracks and the nearly complete transforma-
tion of Cordierite in the heat-treated powder mixture indicate
that additional to the quick dissolution process, there is also a
destruction of the Cordierite by reactions with the ash forming
new crystalline phases. In the case of the ash-covered single
crystals, this process is slow due to the limited area of contact
between ash and Cordierite. The following type of reaction is
assumed:

Mg, AlySisO;g +2CaMgZn(POy4); (in melt)
— 58107 + 2ZnAl;O4 + 2CaMg(PO4), (in melt).

Here zinc from the phosphate melt reacts with the Cordierite
to yield zinc-rich spinel and silica while magnesium is replac-
ing the zinc in the phosphate melt. This reaction also explains
why close to areas with high concentrations of silica and spinel,
phosphates are often zinc-depleted.

Due to a lack of data for liquid Zn3(PO4), or mixed
orthophosphate melts, no thermodynamic calculation of the
above reaction was possible. However, calculating the Gibb’s
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1) Ash melts; Cordierite quickly dissolves in the melt

Ash melt

Cordierite

3) After melt reached saturation with elements from
dissolved Cordierite:
further slow Cordierite dissolution;
precipitation of Silica and Zinc-rich Spinel near the
interface;
earliest precipitation within cracks

Ash melt
Silica,
Spinel
Cordierite

2) Dissolved elements quickly diffuse away from the
ash/Cordierite interface; homogeneous distribution
of the dissolved elements within the ash

N [ ™
Ash melt f\( ~

Cordierite

4) Further precipitation preferentially at already existing
precipitates

Ash melt
Silica,
Spinel
Cordierite

Fig. 11. Model for the attack of phosphate ash on Cordierite at 1050 °C (cross-section).

free enthalpy of the analogue reaction:

3MgyAlySisO15 (s) + 2Zn3(PO4)2 (s)
— 2Mg3(PO4)> (s) + 6ZnAl>04 (s) + 15Si0; (s)

with the software FactSage,> using data from>® for zinc phos-
phate, gives a result of —208kJ. Therefore the reaction is
thermodynamically favorable and a comparable reaction of
Cordierite with the zinc phosphate component of the ash melt
seems likely.

It is assumed that the reaction process involves the steps:

(1) slow dissolution of Cordierite in the nominally saturated
phosphate melt,

(2) over-saturation of the melt with elements from the
Cordierite,

(3) crystallization of silica and spinel from the melt.

This process can explain why silica and spinel are locally
clustered (especially within and adjacent to cracks) and do not
form a continuous layer on the surface of the Cordierite. Inside
melt-filled cracks, over-saturation of the phosphate melt can be
more readily achieved than near the Cordierite surface due to the
limited diffusion. The increased specific surface area of the crack
compared to the normal Cordierite surface allows accelerated
dissolution of the substrate by the melt. These mechanisms lead
to an early precipitation of silica and spinel within the cracks.
If nucleation of silica and spinel is limited within the melt and
melt saturation has been reached, the elements dissolved from
the Cordierite surface will diffuse to the sink, the already existing
silica and spinel grains. This causes growth of the existing silica

and spinel grains instead of formation of new crystals directly
at the place where dissolution takes place.

Itis important to note that the phosphate ash causes a remark-
able amount of corrosion at 1050 °C — a temperature which is
well within the range of temperatures possible during worst case
DPF regenerations as published in the literature. The corrosion is
clearly stronger than the corrosion caused by the sodium silicate
melt at 1000 °C. In the literature, especially alkaline compounds
have been emphasized as critical in terms of a possible corro-
sive attack on Cordierite.®3-1%15:17-2028 [t has been reported that
phosphorous-rich ashes may form melts at temperatures above
approximately 1000°C*3 and react with Cordierite at temper-
atures above 1100°C,37 but the large amount and high rate of
Cordierite corrosion by phosphate melts at temperatures below
1100 °C (especially in the early stage when the substrate is dis-
solved in the phosphate melt) have not yet been reported. This
corrosion process may be of great importance for the degra-
dation of Cordierite DPF as phosphates of Ca, Mg and Zn are
contained in many ashes in high amounts.3-1!

Unambiguous statements on possible differences in the cor-
rosion rates along different directions of the Cordierite lattice
cannot be deduced from the experiments made. According to the
corrosion model explained above, the dissolution of Cordierite
in the ash melt is largely finished in less than 10 min at 1050 °C.
Therefore, the likely difference in the dissolution rate for dif-
ferent orientations of the Cordierite lattice does not play any
role for the result, because the saturation limit is reached in
each case in the experiments with 10 and 20 min dwell time
at 1050 °C. The (slower) secondary corrosion process by reac-
tions between Cordierite and melt leading to the formation of
silica and spinel could not be reasonably quantified due to the
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irregular and inhomogeneous distribution of the reaction prod-
ucts.

5. Summary and conclusions

Silica- and sodium-rich melts as they might originate from
reactions between alkali ash compounds and Cordierite or by
reactions between silica and alkali compounds within ashes
attack Cordierite at 900 °C and 1000 °C by dissolving it. By dif-
fusion processes, compositional gradients develop, which lead
eventually to the formation of several layers with different com-
positions, including a crystalline Nepheline layer which acts
as a diffusion barrier. The exact corrosion mechanism in the
very early stage of ash attack on the Cordierite remains to be
determined. Further experiments at temperatures below 1000 °C
and/or with short dwell times would be necessary to gather more
information on the ash attack under such conditions.

In the later stage of the corrosion process (after the forma-
tion of a Nepheline layer), Cordierite is dissolved in a process
controlled by the diffusion of magnesium through the Nepheline
layer into the ash. Due to the short observation time of the growth
of the Nepheline layer, the corrosion rate at 1000 °C for times
up to 1h is well approximated by a linear rate of 0.09 wm/min.

Many literature reports have stressed the high potential of
alkali compounds for corrosively damaging Cordierite DPF.
Corrosion temperatures several hundred degrees below 1000 °C
are known from the reports cited in Section 1. However, as men-
tioned in Section 2, many ashes from DPF contain only low
amounts of alkalis according to literature,>*!13% so the impor-
tance of alkali corrosion for the degradation of DPF in the field
might be lower than expected in earlier years. Additionally, if
reactions between Cordierite and alkali compounds cause melt
formation, as it is known from literature reports,”’18 a corrosion
behavior similar to the sodium silicate ash studied here has to
be expected, which tends to slow down by a diffusion barrier
formation.

Nonetheless, if a DPF collects high amounts of alkaline com-
pounds from sources as mentioned in Section 1 or if molten
alkaline compounds segregate from an ash and are concentrated
on a filter surface, we still may see a significant damage from
this type of attack. Also, the observed damage mechanism is
relevant in the consideration of Cordierite in special combus-
tion environments, which are known to cause problems of hot
corrosion.

No dependence of the corrosion process or rate on the ori-
entation of ash relative to the Cordierite lattice was observed.
This is due to the fact that the corrosion process is diffusion
controlled.

In accordance with earlier findings by Bachiorrini,?® no dif-
fusion of sodium into the Cordierite lattice is occurring during
the corrosion process according to measurements by EDX and
TOF-SIMS. This is also true for the diffusion of other elements
from the experiments in the phosphate ash system.

The phosphate ash did not attack Cordierite substrates at
1000 °C, but strong corrosion was observed at 1050 °C in con-
nection with a strong melting of the ash. The corrosion process
shows two stages. During the first stage, Cordierite is dissolved

in the molten ash; dissolved elements are quickly distributed
within the ash melt by diffusion. This first stage of corrosion
is proceeding quickly. In the experimental setup used, it was
terminated in less than 10 min at 1050 °C. The second stage of
corrosion destroys Cordierite by the formation of spinel and sil-
ica upon the reaction between the ash melt (or, more precisely,
the zinc phosphate component of the ash melt) and the substrate.
In the experiments performed on single crystals of Cordierite,
this second process proceeded slowly due to the low surface area
of the substrates. In particulate filters, however, the process may
proceed at a much higher rate due to the large surface area of the
porous filter material (especially when molten ash infiltrates the
pore structure) and thus contribute strongly to filter deteriora-
tion. A kinetic law for the corrosion rate could not be determined
due to the fast rate of the first stage (dissolution of Cordierite)
and problems encountered in quantifying the second stage (for-
mation of spinel and silica) of the process. Further experiments
will be necessary to determine the rates and the possible orienta-
tion dependence of the two stages of corrosion by the phosphate
ash.

The corrosion process in the presence of the phosphate ash
is of high relevance for the potential corrosion of DPF in the
field. Phosphates of Ca, Mg and Zn are main constituents in
many ashes found in DPF according to literature®°~!! and are
strikingly aggressive once they form a melt.
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