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The interfacial reaction between (Pr0.8Sr0.2)
y
MnO3 (PSM, y=0.9, 1.0, 1.05) film and 3 mol% yttria tetragonal

zirconia (TZ3Y ) substrate has been studied at 1200 and 1400 °C in air. A diffusion layer of Pr and Mn in zirconia,
which was identified to be a cubic phase of zirconia, was detected in all specimens. When the solubility limit of Pr
ions in the cubic zirconia was reached, a pyrochlore phase, Pr2Zr2O7, was formed. A delay for the formation of
pyrochlore phase was observed for the A-site sub-stoichiometric and stoichiometric PSM at 1200 °C. For the A-site
over-stoichiometric PSM, a Pr-rich (Pr,Zr)O

x
phase was detected at the interface besides the pyrochlore phase. At

1400 °C, a relatively thick layer of pyrochlore phase was formed after 24 hour heat treatment in all specimens. The
amount of the pyrochlore phase formed at the interface depends on the A-site stoichiometry of perovskite in the
initial stage. The growth of the pyrochlore layer after the initial stage, however, appears to be determined by contact
area between PSM and the substrate.

changes between porous (Pr0.8Sr0.2)yMnO3 ( y=0.9, 1.0, 1.05)1 Introduction
film and 3 mol% Y2O3-ZrO2 (TZ3Y) electrolyte have been

Doped perovskite oxides and yttria-zirconia (YSZ) are investigated in air at 1200 and 1400 °C. Although not much
commonly used as cathode and electrolyte materials respect- information is reported on interactions between TZ3Y and
ively in solid oxide fuel cells (SOFCs) operating at tempera- LSM, this electrolyte composition, despite its low conductivity,
tures of around 900–1000 °C.1,2 Interfacial reactions between is of considerable interest to many SOFC technology devel-
the cathode [especially in Sr-doped lanthanum manganite opers, because its mechanical strength is high and it is easy to
(LSM)] and YSZ, have been studied extensively at high fabricate very thin (60–70 mm) sheets of this material (as
temperatures, and the reaction products have been well charac- opposed to 150 mm for the 8 mol% Y2O3-ZrO2 ).terised and documented.3–7 The stoichiometric LSM reacts
with YSZ extensively at temperatures above 1200 °C,6–10 form-

2 Experimentaling lanthanum zirconate La2Zr2O7 and/or strontium zirconate
SrZrO3 phases at the interface depending on the La/Sr ratio The PSM powders with composition (Pr0.8Sr0.2)

y
MnO3 ( y=

at the A-site. The interfacial reactions have also been reported 0.9, 1.0 and 1.05, coded hereafter PSM-A, PSM-B and PSM-
at lower temperatures by some authors (1150, 11004,11 and C respectively) were prepared by co-precipitation followed by
1000 °C12). It is generally known that an A-site deficient LSM calcination at 1000 °C for 4 h in air. The value of y is used to
suppresses the formation of La2Zr2O7.4,6,11,13 The formation indicate the stoichiometry of the perovskite phase for con-
of zirconates at the interface is detrimental to the performance venience only and no assumption has been made that it is a
of a solid oxide fuel cell system, causing substantial increase single phase material. The electrolyte substrate TZ3Y, 20 mm
in the overpotential and resistivity at the cathode/electrolyte in diameter and 150 mm in thickness, was prepared from
interface.14 3 mol% Y2O3-ZrO2 (Tosoh Corporation, Japan) by tape cast-

Owing to severe corrosion of stack components, high cost ing and sintering at 1500 °C. The PSM was screen-printed (ca.
and degradation of stack performance, it is necessary to lower 40 mm thick) on the TZ3Y substrate and sintered at 1200 °C
the operating temperature of SOFCs from 900–1000 °C to the for 4, 24 or 168 h. Another batch was sintered at 1400 °C for
intermediate range 700–800 °C.2 One of the requirements for 24 h. The heat treatment temperature of 1200 °C has been
lowering the operating temperature is to develop a new cathode commonly used in the LSM/YSZ system for the investigation
material which has reasonably low overpotential losses in the of the interfacial reaction. The 1400 °C temperature was used
700–800 °C temperature range. Ishihara et al.15 studied the to accelerate the solid state reaction for a more conspicuous
electrochemical behaviour of the Sr-doped praseodymium observation of the interactions between PSM and TZ3Y.
manganite (PSM) and found that the overpotential losses for PSM powders after calcination were characterised by X-ray
PSM were significantly lower than those of other Sr-doped diffraction (XRD) for phase analysis and by scanning electron
lanthanide manganites at intermediate operating temperatures. microscopy (SEM) for powder morphology. After heat treat-
Therefore the material is a potential cathode for intermediate ments, the reaction couples were carefully fractured and in
temperature SOFC operation. However, information on inter- some cases polished cross-sections were prepared. Both frac-
actions between PSM and YSZ is scarce. Wen et al.16 sintered tured face and polished cross-sections were examined with
a PSM and YSZ powder mixture at 1000 °C for 100 h and did SEM. X-Ray energy dispersive spectroscopy (EDS) was used
not detect any interfacial reactions. In order to examine to study the elemental distribution in the PSM/TZ3Y interface
interfacial reactions between PSM and YSZ, a higher heat region. In some samples, PSM was carefully removed from the
treatment temperature (�1200 °C), similar to those used for TZ3Y substrate and the exposed TZ3Y surface was examined
the LSM/YSZ system in most investigations, may be required. with XRD and SEM/EDS. A Siemens D500 X-ray

diffractometer (Siemens, Germany) with Cu-Ka radiation andIn the present study, the microchemical and microstructural
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Fig. 1 XRD patterns of the powders calcined at 1000 °C showing that
PSM-A and PSM-B are relatively pure perovskite, while PSM-C
contains the major phase perovskite and a small amount of
praseodymium oxide.

a Leica 360 field emission SEM (Cambridge, UK) equipped
with an Oxford Link EDS system were used for specimen
characterisation.

Identification of phases from XRD patterns was based on
the JCPDS-ICDD database. The Rietveld method,17 a tech-
nique for crystal structure refinement from powder diffraction
data, was used in the current study to analyse zirconia phases
at the PSM/TZ3Y interface. The Rietveld refinement was
performed using the program LHPM1.18

3 Results
XRD traces of powders calcined at 1000 °C are displayed in
Fig. 1. The diffraction peaks marked ‘P’ in Fig. 1 are of
perovskite, and those marked ‘O’ belong to praseodymium
oxide Pr6O11. The stoichiometric PSM-B and the A-site sub-
stoichiometric PSM-A powders are relatively pure perovskite
while A-site over-stoichiometric PSM-C powder contains a
small amount of praseodymium oxide besides the major per-
ovskite phase. A few minor unidentified reflections are also
noticed in all the traces.

The powder morphology of PSM-A, PSM-B and PSM-C is
about the same after calcination at 1000 °C for 4 h. The PSM
particle size was in the range 0.1–0.2 mm.

Fig. 2 The backscattered electron micrographs of the polished cross
(1) Reaction products after heat treatment at 1400 °C section of the interfaces after 24 h at 1400 °C: (a) PSM-A/TZ3Y;

(b) PSM-B/TZ3Y; (c) PSM-C/TZ3Y. ‘L1’ and ‘L2’ refer to theTwo reaction layers were identified between TZ3Y and PSM.
pyrochlore layer and the Pr- and Mn-diffused zirconia layer

Fig. 2 displays the backscattered electron micrographs taken respectively.
from a polished cross section of the PSM/TZ3Y interface after
heat treatment at 1400 °C for 24 h. The first reaction layer
(marked L1 in Fig. 2) can be clearly observed in these micro-
graphs. Pr and Zr were identified by EDS analysis as the
major elements in the reaction layer. To identify the phase of
the reaction layer, PSM was removed carefully by scraping
and the exposed surface of the reaction layer was examined
by XRD. A representative XRD trace from the reaction layer
on TZ3Y substrate which was in contact with PSM-C is
presented in Fig. 3 with the identification of each reflection.
The major reflections (marked ‘X’ in Fig. 3) match with those
of the pyrochlore phase, Pr2Zr2O7 (ICDD file No.: 19-1021),
except that the intensity of the reflection (400) (2h=33.45°) is
about twice that reported in 19-1021. This probably is due to Fig. 3 A representative XRD pattern from the substrate originally in

contact with PSM-C showing that the pyrochlore phase was formedthe preferred orientation. Thus both XRD and EDS analysis
after 24 h at 1400 °C.results confirm that the major phase in the reaction layer ‘L1’

is Pr2Zr2O7, the pyrochlore phase. Some minor reflections in
Fig. 3 arise from the substrate TZ3Y, and the perovskite when the layer was formed with PSM-A, 3.1 mm with PSM-B

and 12.0 mm with PSM-C after heat treatment at 1400 °Cpowder left-over after scraping.
The average thickness of the praseodymium zirconate layer for 24 h.

In addition to the pyrochlore phase, a second reaction layerdetermined from backscattered electron micrographs varied
with the compositions of PSM. It was about 9.5 mm thick was also observed from the fractured surface. Fig. 4 shows a
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representative micrograph of the fractured surface of PSM-
A/TZ3Y. In this micrograph a 28 mm thick distinct layer is
obvious between PSM-A and TZ3Y. It contains the pyrochlore
layer ‘L1’ that is only 9.5 mm thick, and another reaction layer
‘L2’. The technique of energy dispersive X-ray mapping was
used to identify elements in the layer ‘L2’. Fig. 5 displays X-
ray maps recorded from the polished cross section of PSM-
A/TZ3Y showing the distribution of related elements Zr, Y,
Sr, Pr and Mn around the interface. It should be noted that
the Mn K

a
peak partly overlapped with Pr L

b2, the intensity
of which has been subtracted from Mn K

a
in Fig. 5. In order

to show clearly the element distribution in layer ‘L2’, X-ray
maps (g) and (h) do not include the PSM layer because the
contrast between the Mn concentration in PSM and in ‘L2’ is
so high that the Mn distribution in ‘L2’ can not be seen from
Fig. 5(f ) when the PSM layer is included. From Fig. 5, it can

Fig. 4 SEM micrograph of the fractured surface of PSM-A/TZ3Y
be seen that the layer ‘L2’ consists of Pr, Mn and the elementsshowing a ca. 28 mm thick distinct reaction layer formed between
of TZ3Y. The Pr ions and some Mn ions appeared to havePSM-A and TZ3Y after 24 h at 1400 °C, which consists actually of
entered the TZ3Y lattice forming a solid solution. More resultstwo layers of products, ‘L1’ (pyrochlore) and ‘L2’ (Pr- and

Mn-diffused zirconia). about the nature of this diffusion layer will be presented in the
following sections.

The XRD, SEM and EDS observations thus far for

Fig. 5 The EDS X-ray maps recorded from the polished cross section of PSM-A/TZ3Y after 24 h at 1400 °C showing the distribution of related
elements in PSM and reaction layers L1 and L2: (a) backscattered electron image; (b) Zr L

a1; (c) Y K
a
; (d) Sr K

a
; (e) Pr L

a1; (f ) Mn K
a
. The X-

ray maps (g) Pr L
a1 and (h) Mn K

a
do not include the PSM layer in order to show clearly the distribution of Pr and Mn in the diffusion layer

‘L2’, which can not be seen clearly from (e) and (f ) in which the PSM layer is included.
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Table 1 The thickness of the zirconate layer and the diffusion distance It was also noticed from SEM examination that the PSM-A
of Pr and Mn in TZ3Y after 24 h at 1400 °C and PSM-C coatings were highly sintered compared with the

PSM-B coating.Thickness of Pr diffusion Mn diffusion
Specimen zirconate/mm distancea/mm distancea/mm

(2) Reaction products after heat treatment at 1200 °C
PSM-A/TZ3Y 9.5 28 55 Fig. 7 displays the backscattered electron micrographs of
PSM-B/TZ3Y 3.1 6 14

polished cross sections of PSM-A/TZ3Y, PSM-B/TZ3Y andPSM-C/TZ3Y 12.0 30 70
PSM-C/TZ3Y after heat treatment at 1200 °C for 4, 24 and

aThe distance was measured from the PSM/pyrochlore phase interface.
168 h respectively. The top part in each micrograph shows
PSM, and the bottom section the substrate. Pyrochlore (PZ)
formed at the interface is marked on the micrographs. FromPSM-A/TZ3Y interface heat treated at 1400 °C can be summar-
these micrographs it can be seen that the reaction productsised as below.
between PSM and TZ3Y vary with the A-site stoichiometry1 Pr ions have diffused into TZ3Y. The diffusion distance
of PSM and the time of heat treatment. Substantial amountsis about 28 mm (from the PSM/pyrochlore interface), corre-
of praseodymium zirconate were detected after heat treat-sponding to the thickness of the dense layer viewed from the
ment of PSM-A/TZ3Y at 1200 °C for 168 h, PSM-B/TZ3Y forfractured surface.
24 h, and PSM-C/TZ3Y for 4 h. In PSM-B/TZ3Y and PSM-2 Mn ions have also diffused into TZ3Y. The diffusion
C/TZ3Y, praseodymium zirconate formed a continuous layerdistance of Mn ions (ca. 55 mm from PSM) is much larger than
at the interface, whereas in PSM-A/TZ3Y the zirconate formedthat of Pr. However, Mn was not detected in the praseodymium
islands at contact points between PSM-A and the substrate.zirconate layer.
The thickness of the reaction layer grew with the time of heat3 A small amount of Sr, estimated to be less than a few wt.%,
treatment.was also detected in the zirconate layer (L1), but no strontium

The inset in the micrograph of PSM-C/TZ3Y/24 h in Fig. 7zirconate phase was formed.
is an enlargement of the reaction layer, showing clearly two4 Zr or Y was not found in the PSM phase. XRD study
distinct layers of products between the PSM-C coating andshowed that the perovskite phase of the PSM layer did not
the substrate. Fig. 8 presents the EDS spectra (a) for the topchange its structure after the reaction.
layer (the brightest in contrast in the micrograph) and (b) for5 The yttrium was detected in both reaction layers (L1 and
the bottom layer, showing that both layers contain Pr and ZrL2) at about the same level as in the TZ3Y bulk phase (i.e.
but with different atomic ratios. The experimental conditions3 mol% Y2O3). for the EDS X-ray analysis were kept the same in all cases soThe same microstructure of the interface was also found in
that a semi-quantitative comparison of elemental concentrationthe other two specimens PSM-B/TZ3Y and PSM-C/TZ3Y
in different specimens could be carried out. Trace (b) in Fig. 8heat-treated at 1400 °C for 24 h. The thickness of the zirconate
is a typical EDS spectrum of praseodymium zirconate. Fromand the diffusion distance (measured from the PSM/pyrochlore
comparison of the two EDS traces it is known that the atomicinterface) of the major elements Pr and Mn in TZ3Y in three
ratio of Pr/Zr of the top layer is higher than that of thespecimens are summarised in Table 1. It can be seen from
pyrochlore layer which is about 151. The top layer, therefore,Table 1 that the degree of the reaction for PSM-A/TZ3Y is
consists of a (Pr,Zr)O

x
phase with the atomic ratio of Pr/Zr>1.slightly lower than that for PSM-C/TZ3Y interface whereas

A very thin layer of (Pr,Zr)O
x

phase was also detected inPSM-B/TZ3Y interface showed relatively higher stability.
PSM-C/TZ3Y after 4 h at 1200 °C when it was examined at aThe fact that Zr and Y were not detected in the PSM layer,
higher magnification. After 168 h at 1200 °C the amount ofclearly indicates that the growth of the zirconate layer is in
(Pr,Zr)O

x
was much less than that after 24 h, and did not formthe direction of the abutting electrolyte. This was also obvious

a distinct layer, as shown in Fig. 7.
from Fig. 6, a micrograph taken from the cross section of

After removal of most of the PSM-C coating from the
PSM-A/TZ3Y after 24 h at 1400 °C. In the area where there

specimen sintered for 24 h at 1200 °C, XRD analysis was
was no PSM-A, the pyrochlore phase was not formed. It can

carried out on the substrate and part of the trace is displayed
be seen from the micrograph that the TZ3Y substrate and the

in Fig. 9. There are a few extra peaks (marked ‘O’) in the XRD
praseodymium zirconate top surfaces are almost level, indicat-

trace besides those of expected phases pyrochlore, TZ3Y and
ing that the zirconate phase has grown into the TZ3Y substrate.

perovskite ( left over from scraping). These extra reflections are
The absence of PSM-A in such areas probably arose from the

probably of the (Pr, Zr)O
x

solid solution phase because they
shrinkage of the coating at high temperature.

match with the reflections of Pr6O11 with a systematic peak
position shift (to larger angle) that is not a zero point error.

The Pr and Mn diffusion layer observed in the specimens
sintered at 1400 °C was also detected in all specimens heated
at 1200 °C. Some representative EDS spectra of the diffusion
layer are displayed in Fig. 10. Spectra (a) and (b) were recorded
from the diffusion layers formed in PSM-A/TZ3Y after heat
treatment for 4 and 24 h respectively at 1200 °C, showing
clearly the presence of Pr and Mn in TZ3Y. For comparison
the EDS spectrum of praseodymium zirconate formed in PSM-
A/TZ3Y after 168 h is also displayed in Fig. 10(c). It can be
seen from Fig. 10 that the concentration of Pr in TZ3Y
increases with the time of heat treatment.

The diffusion layer is not obvious from the contrast of SEM
micrographs taken from polished cross sections (Fig. 7).
However, the change of the substrate microstructure near the
interface due to diffusion of Pr and Mn and the formation of
the pyrochlore phase can be seen on the substrate surface byFig. 6 SEM micrograph from the cross section of PSM-A/TZ3Y after
removing the PSM coating carefully from the substrate. This24 h at 1400 °C showing that the TZ3Y substrate and the praseodym-
is illustrated in the secondary electron micrographs shown inium zirconate top surfaces are almost leveled, indicating that the

zirconate has grown into the TZ3Y substrate. Fig. 11. Fig. 11(a) was taken from the unreacted TZ3Y for
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Fig. 7 The backscattered electron micrographs of the polished cross sections of PSM-A/TZ3Y, PSM-B/TZ3Y and PSM-C/TZ3Y after heat
treatment at 1200 °C for 4, 24 and 168 h respectively. The top part in each micrograph shows PSM, and bottom part the substrate. Pyrochlore
(PZ) formed at the interface is marked in the micrographs. The inset in the micrograph of PSM-C/TZ3Y/24h is an enlargement of the reaction
layer, showing clearly two distinct layers of products between the PSM-C coating and the substrate.

Fig. 10 The EDS spectra recorded from the substrate near the interface
of PSM-A/TZ3Y after sintering at 1200 °C for 4 h (a), 24 h (b) and

Fig. 8 The EDS spectra recorded from the top layer (a) and the 168 h (c). The electron beam was located on the zirconate for
bottom layer (b) shown as inset in the micrograph PSM-C/TZ3Y/24 h spectrum (c).
in Fig. 7, indicating that both layers contain Pr and Zr but with
different atomic ratios.

comparison; Fig. 11(b) from the Pr- and Mn-diffused zirconia
in PSM-A/TZ3Y showing a dramatic increase of the grain size
of zirconia near the interface after 24 h at 1200 °C; Fig. 11(c)
from the same specimen as in Fig. 11(b) but in a different area
showing the trace of some contact points with PSM; Fig. 11(d)
from the praseodymium zirconate surface formed in PSM-
A/TZ3Y after heat treatment at 1200 °C for 168 h; and
Fig. 11(e) from the substrate surface near the edge of the
reaction layer in PSM-B/TZ3Y after heat treatment at 1200 °C
for 168 h showing the microstructure of different layers includ-
ing the pyrochlore layer ‘L1’, the Pr- and Mn-diffused zirconia
layer ‘L2’ and the unreacted TZ3Y. EDS analysis on the trace
of the contact points shown in Fig. 11(c) showed a typical
composition of the pyrochlore phase. This indicates that some
crystal nuclei of praseodymium zirconate had been formed on
the surface of Pr- and Mn-diffused zirconia in PSM-A/TZ3YFig. 9 The XRD pattern recorded from the substrate surface of
after 24 h at 1200 °C. The crystal nuclei of praseodymiumPSM-C/TZ3Y after 24 h at 1200 °C showing the formation of the
zirconate were not observed from the cross-section in Fig. 7praseodymia solid solution (Pr,Zr)O

x
besides the expected phases

pyrochlore, TZ3Y and perovskite. probably because the scale is too small.
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Fig. 11 SEM micrographs showing the morphology of the substrate
surface: (a) unreacted TZ3Y; (b) the Pr- and Mn-diffused zirconia in
PSM-A/TZ3Y showing a dramatic grain growth of zirconia at the Fig. 12 (a) The XRD patterns recorded from the substrate surface:
interface after 24 h at 1200 °C; (c) the same specimen as (b) but in a (i) unreacted TZ3Y, (ii) reacted with PSM-A at 1200 °C for 24 h and
different area showing the formation of the pyrochlore crystal nuclei; (iii) reacted for 168 h. (b) Enlarged part of (a) showing that the
(d) the praseodymium zirconate surface formed in PSM-A/TZ3Y after reflection marked * in (ii) consists of two peaks.
sintering at 1200 °C for 168 h; and (e) the substrate surface near the
edge of the reaction layer in PSM-B/TZ3Y after 168 h at 1200 °C
showing the microstructure of different layers including the pyrochlore
layer ‘L1’, the Pr- and Mn-diffused zirconia layer ‘L2’ and the
unreacted TZ3Y.

Fig. 12(a) displays the XRD patterns recorded from the
substrate surface: (i) unreacted TZ3Y, (ii ) reacted with PSM-
A at 1200 °C for 24 h and (iii ) reacted for 168 h. The TZ3Y
has a tetragonal form of crystal structure, and the trace (i) in
Fig. 12(a) is a typical XRD pattern of a tetragonal zirconia. A
comparison between the trace (ii) and the trace (i) shows that
the relative intensities of a number of reflections (marked with
an asterisk) in trace (ii) are much higher than in trace (i). In
fact, when the traces were enlarged, it was observed that each
of the enhanced reflections consisted of two peaks, and one
example is shown in Fig. 12(b). This suggests that another
phase has been formed with the diffusion of Pr and/or Mn
ions into the zirconia. Trace (iii ) in Fig. 12(a) is composed of
the diffraction peaks belonging to the Pr- and Mn-diffused
zirconia shown in the trace (ii) and those of pyrochlore phase.
All XRD results are consistent with SEM observations.

In order to characterise the phase of the Pr- and Mn diffused
zirconia, the XRD data of trace (ii) in Fig. 12(a) were analysed
using the Rietveld method. During the Rietveld refinement
the unit cell parameters, zero point, scale factors, peak Fig. 13 The output from the Rietveld refinements of the XRD pattern

of the Pr- and Mn-diffused TZ3Y in PSM-A/TZ3Y after 24 h atwidth/shape/asymmetry parameters and background
1200 °C using (a) tetragonal lattice, and (b) cubic as well as tetragonalcoefficients were refined simultaneously to convergence. The
lattice. The observed data are indicated by crosses and the calculatedatomic position parameters were fixed as reported in the
by a continuous line overlying them, and the difference profile is the

literature.19 When the structure parameters of tetragonal zir- lower curve in each figure. The short vertical lines show the positions
conia were tested in the Rietveld refinement, the agreement of all possible Bragg reflections.
index Rwp was 0.132. When the cubic as well as the tetragonal
lattice of zirconia was used in the refinement, Rwp dropped
significantly to 0.068. The output from the Rietveld refinements was improved significantly when the cubic lattice was included

in the refinement, as shown in Fig. 13(b). This suggests thatusing (a) the tetragonal lattice, and (b) the cubic as well as the
tetragonal lattice is displayed in Fig. 13. Large difference ( lower the Pr- and Mn-diffused zirconia region has a cubic structure

and is consistent with the observation of grain growth in thecurve in each figure) in reflection intensities between the
observed (+ markers) and the calculated (continuous line) diffusion layer because usually dopant-stabilised cubic zirconia

has much larger grain size than tetragonal TZ3Y.XRD profiles was observed from Fig. 13(a) when only a
tetragonal lattice was used for the refinement. The fit, however, The alteration of the crystal structure from tetragonal to
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Table 2 A summary of reaction products between PSM and TZ3Y at 1200 °C

Products

Specimen 4 h 24 h 168 h

PSM-A/TZ3Y Diffusion layera Pr2Zr2O7 nuclei Pr2Zr2O7 islands
Diffusion layer Diffusion layer

PSM-B/TZ3Y Diffusion layer Pr2Zr2O7 layer Pr2Zr2O7 layer
Diffusion layer Diffusion layer

PSM-C/TZ3Y (Pr,Zr)O
x

layer (Pr,Zr)O
x

layer (Pr,Zr)O
x

islands
Pr2Zr2O7 layer Pr2Zr2O7 layer Pr2Zr2O7 layer
Diffusion layer Diffusion layer Diffusion layer

aDiffusion layer refers to Pr- and Mn-diffused zirconia layer.

cubic indicates that at least part of the Pr and Mn ions have In PSM-A and PSM-B, there was no free praseodymia in
the coating. The atomic ratio of Pr/Zr>1 at the interface withentered the lattice of zirconia.

The interfacial reaction products between TZ3Y and PSM TZ3Y was unlikely to occur, and therefore, the Pr-rich phase
(Pr,Zr)O

x
was not formed.of three compositions at 1200 °C are summarised in Table 2.

The formation of pyrochlore phase was delayed in
PSM-A/TZ3Y and PSM-B/TZ3Y. It has been reported before4 Discussion
that A-site deficiency in the perovskite may suppress or delay
the formation of pyrochlore phase in the LSM/YSZThe above results can be summarised as follows.

1 A diffusion layer of Pr and Mn in zirconia was formed system.4,6,11,13 This was explained by the hypothesis that the
diffusion of Mn into YSZ produced chemically active La2O3,in all specimens regardless of the A-site stoichiometry and the

heat treatment temperature. The Pr- and Mn-diffused zirconia which formed pyrochlore phase with YSZ. Therefore, extra
manganese in the perovskite should suppress the formation ofis cubic and its grain size is much larger than that in TZ3Y.

2 The pyrochlore phase was formed at the interface of PSM free La2O3, and hence the pyrochlore phase. However, this
hypothesis cannot explain why the formation of pyrochlorewith Pr- and Mn-diffused zirconia after heat treatment at

1200 °C for different times for all compositions of PSM studied. phase was delayed in PSM-B/TZ3Y with no excess Mn in the
perovskite. Furthermore, the results of the current studySignificant amounts of pyrochlore phase were detected after

168 h in PSM-A/TZ3Y, after 24 h in PSM-B/TZ3Y and after showed clearly that the Pr and Mn ions had diffused into
zirconia, regardless of the stoichiometry of PSM. The chemi-4 h in PSM-C/TZ3Y.

3 Besides the pyrochlore phase, a Pr-rich (Pr,Zr)O
x

phase cally active praseodymia was unlikely to have been produced
during the interaction. It seems that a different explanation iswas detected at the interface of the A-site over-stoichiometric

PSM-C/TZ3Y. The (Pr,Zr)O
x

phase formed a distinct layer required to understand the delay for the formation of the
pyrochlore phase in PSM-A/TZ3Y and PSM-B/TZ3Y.after 24 h of heat treatment at 1200 °C, and was much less

conspicuous after 168 h. From the phase relations, it is known that the pyrochlore
phase is formed only when the local Pr concentration has4 Relatively thick layers of pyrochlore phase were formed

after 24 h at 1400 °C for all compositions of PSM in contact reached the solubility limit in cubic zirconia. When there was
no extra praseodymia in the PSM coating as in PSM-A/TZ3Ywith TZ3Y. The degree of the reaction for PSM-B/TZ3Y was

much lower than that for PSM-A/TZ3Y and PSM-B/TZ3Y. and PSM-B/TZ3Y, the atomic ratio of Pr/Zr was initially very
low in zirconia in the area near the interface. With time moreThe dissolution of Pr ions in TZ3Y can be understood from

the phase relations between zirconia and praseodymia. Zirconia Pr ions diffused into the region near the interface. Some of it
diffused out into an area in zirconia further away from thecan react with praseodymia, forming solid solutions varying

from tetragonal zirconia, cubic zirconia, pyrochlore phase to interface due to the gradation of Pr concentration. It would
therefore take some time at 1200 °C for the Pr ions to reachpraseodymia with the increase of the praseodymia content at

1600 °C.20 The solid state reactions between zirconia and the solubility limit in cubic zirconia in the area near the
interface. Accordingly, the formation of the pyrochlore phasepraseodymia at 900 and 1100 °C have also been reported.21

The current study has shown that Pr ions can enter the lattice was delayed in PSM-A/TZ3Y and PSM-B/TZ3Y. As the Pr
content in PSM-A was lower than in PSM-B, the migrationof zirconia at 1200 and 1400 °C and form a cubic phase of

zirconia solid solution. The Pr concentration increased in the of Pr ions from PSM-A to TZ3Y is therefore expected to be
slower than from the stoichiometric PSM-B during the initialcubic zirconia with the heating time. When the solubility limit

of Pr ions in cubic zirconia was reached, the pyrochlore phase stage of heat treatment. Therefore the delay for forming
pyrochlore phase with PSM-A was more pronounced thancrystallised out.

In the A-site over-stoichiometric PSM-C coating, a that with PSM-B at 1200 °C.
At 1400 °C the whole process was accelerated. A completeconsiderable amount of free praseodymium oxide is present,

which reacted with TZ3Y when heat treated at high tempera- layer of pyrochlore phase was formed for all specimens after
24 h. It needs to be noted that different from the observationsture. A gradation of Pr concentration from the Pr6O11/TZ3Y

interface (high) to the Pr-diffused zirconia ( low) is expected. at 1200 °C, the amount of pyrochlore phase formed with PSM-
A at 1400 °C is much more than with PSM-B. This may beTherefore, various layers ranging from (Pr,Zr)O

x
with atomic

ratio of Pr/Zr>1, the pyrochlore with Pr/Zr$1, to the explained from the change of the migration rate of Pr ions at
various stages of heat treatment and in particular, the differencediffusion layer with Pr/Zr<1, were formed between PSM and

TZ3Y at 1200 °C. However, when the free Pr6O11 was con- in PSM/substrate contact areas between the two specimens.
As the Mn content in PSM-A was higher than in PSM-B, thesumed, no further (Pr,Zr)O

x
phase was formed. The Pr ions

from the (Pr,Zr)O
x

solid solution, which contains the highest migration of Mn ions from PSM-A to zirconia is expected to
be faster than from PSM-B during the initial stage of heatPr concentration in the specimen, would diffuse through the

pyrochlore layer and react with more zirconia. Therefore, the treatment. On the other hand, the higher Pr content in PSM-
B resulted in a further migration of Pr ions from PSM-B toamount of (Pr,Zr)O

x
solid solution after 168 h was less than

that after 24 h at 1200 °C. It is expected to eventually disappear zirconia. This means that more Mn ions would leave from
PSM-A than from PSM-B and more Pr ions would leave fromcompletely.
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PSM-B than from PSM-A. It is quite likely that after some MnO3/TZ3Y were reached after much longer time compared
with (Pr0.8Sr0.2)1.05MnO3/TZ3Y. The formation of the pyroch-time of heat treatment (the initial stage), the chemical composi-
lore phase, therefore, was delayed in these two specimens attions for PSM-A and PSM-B may become somewhat similar.
1200 °C. The amount of the pyrochlore phase formed at theAfter this initial stage, the amount of the pyrochlore formed
interface was determined by the A-site stoichiometry of PSMbetween PSM and the substrate will be primarily determined
in the initial stages of heat treatment. The growth of theby the contact area between the two materials. A large contact
pyrochlore layer after the initial stage, however, appeared toarea, as present in PSM-A (Fig. 2), will lead to enhanced Pr
be controlled by the contact area between PSM and themigration from PSM to the substrate. This mechanism would
substrate. It is believed that the initial stage is complete afterexplain the fact that the pyrochlore layer formed with PSM-A
24 h at 1400 °C but not even after 168 h at 1200 °C for all theafter 24 h at 1400 °C is thicker than with PSM-B.
compositions of PSM. The A-site deficient (Pr0.8Sr0.2)0.9MnO3It appears that at the initial stage of heat treatment, the
in contact with TZ3Y, following long term heat treatment, willamount of Pr ions migrating into TZ3Y was determined mainly
form more pyrochlore phase than the stoichiometricby the A-site stoichiometry of the perovskite. The composition
(Pr0.8Sr0.2)MnO3 due to the large contact area between PSM-difference between the different perovskites may disappear
A and TZ3Y.after the initial stage of the heat treatment is complete. The
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