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tested were LaNiggFeg403 and LaggSrg>FeO3 which are also used as cathodes; LaggSrg>Mngs5C0q 503
and LaggSro2Mng1Cog3Feps03, selected for comparing perovskites with different Mn contents; and
LaggSrp2Cop75Fep2503 and LaggSrp2Coo75Clg 2503 for comparing perovskites with high Co content and
two possible partial substitutions of the Co. The initial area-specific contact resistance (ASR) was found to

l;gggmds" depend on the electrical conductivity of the measured perovskites. Time evolution of the ASR depended on
Interconnect the interactions between the contact material and the interconnect, showing the highest degradation rates

Cathode contact material for LaNipgFeo403 and LaggSrg,FeOs. Chromium from the interconnect reacted with the Sr-containing
ASR perovskites forming SrCrO4. With the contact material without strontium chromium-containing per-
ovskites were formed. A reduced interfacial reaction was achieved by application of a MnCoqg9Feg;04

spinel protection layer on Crofer22APU in terms resulting in low and stable ASR.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) produce electricity and heat by elec-
trochemically combining fuel and air across an ionic conducting
electrolyte membrane. Such energy production is highly interest-
ing because public awareness has been raised for limitations of
greenhouse gas emissions, increase in efficiency of energy conver-
sion systems and decentralised energy conversion systems [1-3].
However, a single SOFC only produces less than one volt. Therefore,
to achieve useful voltages, a number of cells are usually electri-
cally connected in series in a “stack” via interconnects which also
separate the fuel at the anode side of one cell from the air at the
cathode side of the adjacent cell. The interconnect must be electri-
cally conducting, gastight, chemically stable towards the adjacent
electrodes, cost-effective and have a matching thermal expansion
coefficient (TEC) to those of the other cell components [4-6].

One of the challenges in SOFC development is the power loss
within the stack due to high contact resistances between the inter-
connects and the electrodes [6]. The tubular SOFC design, which
Ikerlan is trying to develop for generating electricity and heat in
domestic use, should operate in the range between 600 and 800°C
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and the supporting tube as well as the cathode side current collec-
tor are metallic components [7,8]. It has been demonstrated that
the ferritic steels forming MnCr,04/Cr,03 oxide under oxidising
SOFC operating conditions, substantially reduce the Cr evaporation
[9]. Among the steels forming such layers Crofer22APU steel has
received considerable attention, because it shows a low oxidation
rate, well adherent and highly conductive oxide scales [9]. However,
the Cr evaporation is still elevated and could affect the catalytic
activity of the cathode leading to cell degradation [10].

Therefore, interaction of the metallic interconnects with the
cathode and the resulting time-dependent resistance of the mate-
rial combinations is highly important. To achieve good electrical
contact between the interconnects and the cathodes, additional
materials are used in stack assembly. Such cathode contact materi-
als (CCM) have no direct role in the electrochemical reactions, but
they can provide a homogeneous contact over the whole area of the
fuel cell and minimise the ohmic losses within the stack. A chemi-
cal interaction between the CCM and a cathode or the interconnect
should not occur, but cannot be avoided in most cases due to the
reaction of the CCM with the chromia scale formed on the intercon-
nect. Accordingly, there is a need for suitable CCM to minimise the
interfacial electrical resistance and maximise the power output of
SOFC stacks.

The attempted realization of a cost-effective system excludes
the use of expensive noble metals as the CCM. Even if Ag or Ag-
containing Ni alloys have a lower cost than noble metals, their high
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Table 1
Composition of the steel in wt%.

Fe Cr Mn Ti Si Al Mo  Others
Crofer22APU 7645 2278 04 007 0.02 0.006 - La 0.086

volatility and rapid thermal etching in hot air may limit their use
in SOFCs operating at relative high temperatures [11,12]. Therefore,
the use of perovskites as the CCM seems to be more adequate. Sev-
eral research groups have been making efforts to develop different
compositions of CCM.

Perovskites such as La(Co,Cr,Mn,Ni,Fe)O3 have been tested but
their low conductivity and their poor sinterability complicate
their use [13-15]. The introduction of alkali-earth elements such
as Ca, Ba or Sr increases the sintering activity and the con-
ductivity of such perovskites [6]; however, an excess of these
elements causes rapid cell deterioration through the formation
of low mechanical strength phases (referred in the text as brit-
tle phases) such as SrCrO4, CaCrO4 or BaCrO4 by the reaction
with the Cr released from the interconnect [16-18]. Therefore, per-
ovskites with small additions of Sr such as Lag gSrg(Co,Cu,Fe)Os,
Lag gSrg2(Co,Mn,Fe)03, Lag gSrg2(Mn,Cu,Fe)O3; have been recently
studied by several authors, showing an adequate sintering activity,
electrical conductivity and low brittle phase formation [15,19,20].
These studies have concluded that (i) high amounts of cobalt
increase the conductivity and the TEC of the CCM [21], (ii) high
amounts of Mn enhance the formation of Mn-Cr spinels by reaction
with the Cr released from the interconnect [22] and that they (iii)
exhibit a less pronounced tendency to release strontium from the
crystalline lattice than cobaltite-based perovskites [23] and that (iv)
little amounts of Cu are necessary for achieving high densification
in perovskites [24,25].

In the present study, several perovskites were investigated as
potential contact materials. Results of the investigation of their
electrical performance and chemical stability in combination with
Crofer22APU as interconnect material are presented and discussed.

2. Experimental

The influence of several cathode contact materials was studied
at 800 °Cin air on Crofer22APU (ThyssenKrupp VDM, Werdohl, Ger-
many). The composition of the steel, given by the supplier, is listed
in Table 1. Even if the envisaged SOFC is tubular-shaped, all the
tests were carried out with flat samples for an easier experimental
mounting and characterisation.

Area-specific resistance (ASR) measurements were carried out
as shown in Fig. 1. After cutting in 10 mm x 10 mm x 1 mm pieces,

Cathode

Fig. 1. Sample setup for ASR measurements for steel-cathode contact resistances.

polishing and cleaning, the alloy was coated by screen-printing
with the different CCM. The pastes were produced by milling
several times a mixture of powder and a solution based on ther-
pineol and ethylcellulose through a three roll milling machine.
The paste was passed through a mask of a specific wire diame-
ter, which gave the thickness of the applied layer in the wet state.
After deposition of the layers, the samples were dried in a fur-
nace at 60-70°C. A mask of 180 wm was used which usually gave
a cathode contact material layer of around 60 wm after sinter-
ing. The Lag gSrg2C0075Cug 2503 (LSCCu), LaggSrg2Coq.75Feq2503
(LSCF) and LaNiggFeg 403 (LNF) powders were produced by the
Pechini method [18]. The LaggSrg,FeOs (LSF) powder was pro-
duced by spray pyrolysis. The LaggSrg2Cog5Mngs503 (LSCM) and
Lag gSrgCog3Mng1Feg 03 (LSCMF) powders were supplied by H.C.
Starck (Goslar, Germany). X-ray diffraction of these powders after
calcinations at 900 °C were carried out by a Siemens D5000 diffrac-
tometer and Cu Kg; radiation (A =1.54A). The LSF cathode pellets
were manufactured by the Coat-Mix® method [19] and sintered at
1100°C. The assembling of the coated steels with the LSF cathode
was carried out by heat treatment at 850 °C for 10 h. The ASR mea-
surement begin after the assembling step, when the temperature
was stabilised at 800°C. A 0.5 kg cm~2 weight was uniformly loaded
onto the samples in order to achieve a better mechanical contact
during measurement. A current density of 0.3 Acm~2 was applied
during the resistance measurement using a 4 point DC setup for up
to 300 h.

The microstructure and cross-section of the samples after ASR
measurement were characterised by scanning electron microscopy
(SEM, Zeiss Ultra55), combined with energy dispersive X-ray spec-
troscopy (EDX, INCA, Oxford Instruments and SDD X-FLASH 4010,
BRUKER). After the cross-section analysis, the samples were cut out
of the epoxy resin in which they were embedded. LSF of the sam-
ples was removed by polishing, so that the X-ray diffraction (XRD)
of the CCM coated steel after ASR measurement could be done. The
XRD were carried out by a Siemens D5000 diffractometer and Co
K1 radiation (1 =1.78892 A).

ASR tests were also performed up to 1000 h with Crofer22APU
coated with a MnCoqgFeq104 (MCF) spinel layer. This MCF is
intended to serve as a barrier to chromium cation diffusion, so
that it can mitigate or even prevent chromium migration from the
steel to the cathode. The spinel layer was applied by screen-printing
onto polished and cleaned Crofer22APU samples. A mask of 60 um
was used which usually gave a protective MnCoqgFeg104 layer of
around 10 pm after sintering. A thermal treatment under a reduc-
tive atmosphere followed by a reoxidation step, referred here as
reactive sintering, was applied to the coated samples to obtain a
higher densification of the spinel layer. Details of the preparation
of the spinel protection layer can be found in [26]. The LSCCu LSCMF,
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Fig. 2. ASR for Crofer22APU/CCM/LSF interfaces as a function of time with different
cathode contact materials.
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Table 2
Initial ASR, bulk conductivity increase of ASR fitted to a lineal function and TEC of different CCM at 800°C in air.
LSCCu LSCF LNF LSCM LSF LSCMF
ASRy (M2 cm?) 434 70.5 86.4 112 124.9 1913
o (Scm!) 1074 [25] 724 [21] 463 [39] 175 [21] 110 [21] 100 [21]
ASR increase (m§2cm2 h-1) 0.003 0.036 0.048 —0.002 0.045 0.019
TEC (K~ x 10-6) 17.7 19 11.8 15.6 12.3 16
LSCF and LSCM cathode contact layers were tested in combination
with MCF. The microstructure and cross-section of the samples after ® La(OH);
ASR measurement were characterised by SEM combined with EDX. ¥ Fes0,
. . 1 La0;
3. Results and discussion 3
K}
3.1. ASR measurements 2
172}
=
o
Fig. 2 shows the evolution of the ASR of different tested per- =
ovskites as a function of time. It should be noted that the ASR of
the LSF pellet is ~27 m§ cm?2 at 800°C. As expected, the initial
resistance is influenced by the electrical conductivity of the per-
ovskites (see Table 2). However, no direct correlation between the

bulk conductivity of the tested CCM and the ASR measurements
could be done because in the ASR measurements should be taken
into account apart of the bulk material conductivity, interactions of
materials due to assembling processes as well as interfacial contact
effects which usually are detrimental for contact resistances as will
be follow explained.

The slopes of the ASR were different depending on the per-
ovskite. Except for LSCCu and LSCM, the perovskites tested
exhibited an increasing ASR over the measured time. For LSCMF,
LNF and LSCF, initially the ASR increased quickly and then increased
more slowly. For LSF and LSCF, the ASR increased steadily over the
measured time. The difference in the ASR slopes is likely due to
interactions between the growing oxide scale and the contact mate-
rials. Asummary of the slopes is shown in Table 2. These values were
obtained assuming a linear evolution of the measured ASR over time
for the different samples. The highest increase was calculated for
LNF and LSF, both materials regarded as Cr-tolerant cathode materi-
als [27-29]. LSCF showed the next highest increasing rate followed
by LSCME.

3.2. Microstructural investigations

As mentioned before, interactions between interconnect and
contact material can potentially have a significant effect on the
magnitude and stability of the contact resistance. Therefore, the
chemical compatibility between Crofer22APU and the perovskite-
based contact materials was investigated.

The XRD results of the CCM powders heat-treated at 900 °Cin air
for 6 h, presented in Fig. 3, reveal that the main phase is a perovskite
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Fig.3. XRD patterns at room temperature of CCM powders after calcination at 900 °C
for: (a) LNF, (b) LSCCu, (c) LSCF, (d) LSCM, (e) LSCMF and (f) LSF.

in all cases. However, a small amount of impurities can be detected
for the LSCM and LSCMF. La;03 has been detected in the case of
the LSCM, The LSCMF shows La(OH)3 probably due to hydrolysis of
La;03 (usually happens after long storage periods in ambient air)
and Fe304 as impurities.

The cross-sections of manganese-containing contact materials
analysed after ASR measurement at 800 °C are shown in Fig. 4. The
particle size of the LSCM layer was finer than for LSCMF. LSCMF
showed the formation of SrCrO4 (also confirmed by XRD, see Fig. 8)
in large agglomerations all around the contact material, but no Cr
was detected at the cathode. SrCrO4 formation was also detected in
LSCM, but mainly concentrated close to the interface with the Cro-
fer22APU. It is important to note that the interface between both
cathode contact materials and Crofer22APU shows large areas with-
out contact, which could affect strongly in the measured resistance.
In this case, large amounts of Co were detected all around the con-
tact material, which form (Mn,Co,Cr)304 spinels in the oxide scale
formed on the Crofer22APU. Due to small size of the novel phases,
by EDX analysis the chemical composition cannot be identified
precisely, because the interaction volume between the electrons
and the material to be characterized is larger than the changed
regions. As in the previous case, no Cr was detected in the LSF
cathode.

s

Fig. 4. SEM cross-section of the Crofer22 APU/CCM/LSF after ASR measurement at 800 °C for LSCMF (a) and LSCM (b).
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Fig. 5. SEM cross-section of Crofer22APU/CCM/LSF after ASR measurement in air at 800 °C for LSCF (a) and LSCCu (b).

In accordance with literature [19,20], perovskites with high
Mn content, facilitate the formation of Mn-containing spinels,
as observed for LSCM. Moreover, the conductivity of the Mn-
containing spinels increase with Co content. Therefore, the
formation of these spinels could be related to the low degradation
observed for the ASR of this contact material. The XRD analysis of
the sample after ASR measurement (see Fig. 8) indeed showed Mn-
containing spinels, but this could be more related to the oxide scale
formation on the Crofer22APU.

The conductivity of the contact materials and the formation of
the Co-containing spinels at the oxide scale increased with increas-
ing Co content. For a better understanding of the influence of Co in
the CCM, the comparison of LSCF and LSCCu as CCM with higher Co
amounts, is presented in Fig. 5.

The contact layers were well bonded to the metallic substrate
but the cathode was not attached after the measurement (Fig. 5).
This observation could be related to the high TEC observed with
the high Co-containing CCM (see Table 2) [21]. When the LSCF
contact material was used (Fig. 5a), an oxide scale with many differ-
ent compositions was formed as result of the interaction between
the Crofer22APU and the applied contact material layer. Chromia
was formed on top of the Crofer22APU. Above this chromia layer
a continuous SrCrO4 layer was found and finally, between SrCrO4
and the LSCF contact material, a white coloured thin and uniform

Fig. 6. SEM cross-section of Crofer22APU/LSF/LSF after ASR measurement in air at
800°C.

(La,Sr)(Cr,Mn)05 layer was formed. SrCrO4 grains were also formed
within the contact layer and the LSF cathode material. The increase
observed in the ASR measurement for the LSCF-coated Crofer22APU
sample is attributed to the formation of Cr-containing perovskite
and SrCrOg.

When LSCCu was used (Fig. 5b), a multi-compositional oxide
scale is also formed. On top of the chromia scale, SrCrO4 was formed
as in the previous case; however, between this layer and the LSCCu
layer, a (Mn,Co,Cu)304 spinel was formed as result of the reaction
between the Mn diffusing from the Crofer22APU and the Co and

Fig. 7. SEM cross-section of Crofer22APU/LNF/LSF after ASR measurement in air at
800°C.
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Fig. 8. XRD patterns of Crofer22APU/CCM/LSF after ASR measurement in air at
800°C for: (a) LSF, (b) LSCCu, (c) LSCF, (d) LSCM and (e) LSCMF.
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Table 3
Initial ASR, slopes of ASR for the different intervals and chromia thickness after ASR
measurement for the Crofer22APU coated with MCF and different CCM.

LSCCu LSCM LSCMF LSCF
ASR (M2 cm?) 48.3 46.6 46.3 41.7
Interval A (x 10 mQ cm? h-1) -13.9 —-10.5 -18.9 -41.9
Interval B (x 10> mQcm?h-1) -1.9 2.6 -6.4 -53
Intersection between interval 300 300 150 120
A and B (h)
Chromia thickness 0.26 0.33 0.44 0.4

Cu present in the CCM. The Cu content in the LSCCu was not sta-
ble enough and precipitated in the CCM as CuO particles which
were also found in the LSF cathode as result of evaporation [30,31].
However, the presence of CuO was not detected in the XRD anal-
ysis of this sample (see Fig. 8). No Cr was found in the LSF pellet.
As observed for LSCM, the formation of a high conductivity spinel
seems to be again the possible explanation for the low degradation
of ASR observed for the LSCCu sample [32].

When LSF was used as a cathode contact material (Fig. 6), the
sintering activity seemed to be very low. However, a good adherence
was obtained between the Crofer22APU and the cathode pellet.
Large amounts of SrCrO4 were detected within the LSF contact layer
as indicated in the figure.

Fig. 7 shows the SEM cross-section of the LNF-coated sample
after ASR measurement. As observed in the previous case, the
sintering activity also seems to be low. Apparently, high Fe con-
tent seems to be disadvantageous for the sintering behaviour of
the perovskites. In this case, the Cr-containing dark coloured per-
ovskites were detected within the cathode contact material. These
perovskites are rich in Mn close to the Crofer22APU. The oxide
scale formed on the Crofer22APU contains Ni-Cr oxides and Cr-Mn
spinels (verified by XRD). Apparently small amounts of NiO were
released from the LNF perovskite [13], which reacted with the Cr
from the Crofer22APU.

Crofer22APU
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Fig. 10. SEM cross-section of Crofer22APU coated with MCF protective layer and LSCMF (a), LSCM (b), LSCF (c) or LSCCu (d) after ASR measurement in air up to 1000 h.
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The X-ray diffraction study (Fig. 8) seems to be in accordance
with the previous observations of the interaction between the per-
ovskites and the Crofer22APU. However, it should be pointed out
that only limited information can be obtained from these pat-
terns. The complexity of the materials system shows in some cases
shift of reflections due to different compositions in one crystalline
phase. For the preparation of the samples, the LSF cathode pellet
was scraped off carefully by using a SiC abrasive paper, which was
detected in the patterns.

3.3. Crofer22APU coated with an MCF protection layer

The ASR of Crofer22APU coated with an MCF spinel was tested
for up to 1000 h at 800 °C by using LSCCu, LSCM, LSCF and LSCMF as
cathode contact materials. Contrary to the cases where no MCF was
applied (compare Figs. 2 and 9), the resistance values were found
in the same range, between 30 and 50 mS2 cm?, regardless of the
applied cathode contact material.

As calculated in Table 2, the evolution of ASR for this set of sam-
ples can be divided into two time-dependent intervals. An initial
period, interval A, with a duration of between 120 and 300 h, show-
ing a fast resistance decrease and a long-term exposure period,
interval B, showing an slow increasing resistance for the LSCM

and a decreasing one for the other three CCM. The evolution of
the ASR measurements might have been dependant on several
factors, including scale growth beneath the protection layer (tend-
ing to increase ASR) and improvement in the electrical contact at
the MCF/CCM interface (which might tend to decrease the ASR)
[26,33].

SEM analysis on the cross-sections of the tested samples (Fig. 10)
indicated that the spinel coatings were well bonded to the Cro-
fer22APU and free of spallation but with remaining porosity. The
chromia layer formed between the Crofer22APU and the applied
MCF coating had a thickness of between 0.3 and 0.4 um (mea-
sured directly from the SEM images and listed in Table 3), which
is very similar to the chromia growing on Crofer22APU in air
at 800°C without any coating [34]. As reported previously [26]
and observed in Fig. 11, a reaction zone was formed in the MCF
coating applied beneath the chromia scale containing Mn-Co-Cr
spinels. The reaction zone seems to be formed during the reduction
step of the reactive sintering by the reaction between the Mn-Cr
spinel formed on the Crofer22APU and the reduced Co from the
MCF spinel. The MCF spinel was free of Cr outside this reaction
zone.

The LSCMF contact material remained unchanged apart from the
Mn enrichment observed in the area beneath the MCF coating. Good

Fig. 11. EDX mapping of the cross-section of Crofer22APU coated with MCF protective layer and LSCMF contact materials after ASR measurement in air at 800°C.
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adherence was observed between both layers. No Cr was detected
in the contact material as confirmed in the detailed EDX mapping
of the interface (Fig. 11) neither in the LSF pellet.

White coloured 2 pm La-rich agglomerations were observed in
the LSCM contact layer, probably due to an incomplete reaction or
excess of La during the Pechini synthesis of the powder. Loss of
adherence was observed between the protection and contact layer
during cooling down to room temperature.

White and grey coloured La and Co-rich agglomerations, respec-
tively, were observed in the LSCF contact layer, probably for the
same reasons as the previous case. Mn is detected in the contact
material close to the MCF coating, presumably from the protective
spinel layer. No Cr has been detected in the LSCF or either the LSF
pellet. In this case, loss of adherence is also observed between the
protection and contact layer during cooling down to room temper-
ature.

When LSCCu is used as a contact material, the MCF protective
layer is enriched in Cu due to the diffusion and evaporation of the
Cu species. This enrichment contributes to a higher densification of
the MCF coating showing some cracks as consequence of this den-
sification. Similar to the observations of Fig. 5b, binary Cu oxide was
detected in the LSCCu and in the LSF cathode as a decomposition
product with high vapour pressure. The LSCCu region close to the
MCF layer was enriched in Mn.

The initial resistance is mainly attributed to the spinel protective
layer. The presence of the MCF overrides the interaction between
the Crofer22APU and the different CCMs during the assembling of
the samples at 850 °C, decreasing the formation of low conductiv-
ity perovskites reported for the previous cases and increases the
surface contact, decreasing as a result the resistance in compari-
son to the cases where no MCF was applied. The small differences
of ASR observed between the four cases analysed are mainly due
to compositional changes in the MCF, due to the interactions of the
MCF with the different contact materials. It has been reported in the
literature that the conductivity of Mn;_,Co,_x04 or (Mn,Co,Fe)304
spinels decreased when their Mn content increases [35-37]; there-
fore, the initial resistance observed for the LSCM and LSCMF is
very similar and higher than that observed for LSCF. However, the
highest initial resistance was observed for LSCCu, in which high
amounts of Cu were detected in the MCF beneath the cathode
contact material. As reported in the literature [38], a decrease in
electrical conductivity is also observed when Co is replaced with
Cu in the (Mn,Co)304 spinel. Presumably, the impact of Cu on the
decrease in conductivity of MCF is larger than that provoked by
Mn.

The order of the initial resistances and the slopes calculated for
interval A remain unchanged during the first 200 h of the ASR mea-
surement. Therefore, the interaction between the spinel and the
applied CCM is regarded as the main process during this interval.
However, the improvement in the electrical contact between the
spinel and the CCM led to the largest changes in resistance during
the whole period of measurement.

The scale growth on Crofer22APU seems to affect the four mea-
sured contact layers in the same way. Therefore, the evolution of
ASRininterval B is presumably related to the stability of the contact
materials. The LSCCu and the LSCM contact materials showed the
highest ASR value. The incorporation of Cu resulted in crack forma-
tion in the entire MCF protective layer and a continuous decrease of
ASR, whereas for LSCM a small increase in ASR is observed. Appar-
ently, the high Mn content in LSCM stabilised the perovskite and
the main contribution to the time-dependence of the ASR is the
interaction of MCF with the Cr released from the interconnect. A
lower amount of Mn as in LSCMF seems to be a better compromise.
Moreover, the low Co content of this perovskite could increase its
stability in comparison with the LSCCu and LSCF as reported by
Tietz et al. [23].

4. Conclusions

The initial value and the evolution of ASR are strongly influenced
by the conductivity of the selected CCM. The initial value of the
ASR without MCF coating is dependant of the conductivity of the
perovskite and the interaction between the oxide formed on Cro-
fer22APU and the different CCM during assembling. The evolution
of the resistivity in dependant of the conductivity of the oxide scale
formed on the steel, the reaction product between this oxide scale
and the perovskite with whom is in contact and the conductivity
of the perovskite (which may change in function of time due to the
aforementioned reaction or stability of the perovskite). The use of
a Sr-containing cathode contact material with Crofer22APU leads
to the formation of SrCrO,4 and Cr-containing perovskites in short
exposure times. When no Sr is present in the CCM, Cr-containing
perovskites with low electrical conductivity are formed. The largest
degradation in resistance was observed for LSF and LNF as contact
materials.

When MCF is used as a protective layer, no Cr was found in
the CCM and in the LSF cathode pellet. The presence of MCF over-
rides the interaction between oxides formed on Crofer22APU due
to high temperature exposures and improves the contact between
the interfaces, therefore, the ASR is mainly dependent on the con-
ductivity of this spinel layer instead of the CCM applied. Thus, the
choice of the CCM layer is dependent on its long-term stability. In
the present case LSCMF is a suitable choice as CCM due to the higher
stability and the adequate TEC match between the applied layers.
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