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A New Class of High Temperature
and Corrosion Resistant
Nickel-Based Open-Cell Foams**

By Gunnar Walther,* Burghardt Kléden, Tilo Biittner, Thomas Weissgdéirber,
Bernd Kieback, Alexander Bshm, Dirk Naumann, Shadi Saberi and Lloyd Timberg

A number of nickel-based and iron-based alloys have been successfully developed for applications at
high service temperatures and in corrosive environments. Applications such as diesel particulate
filters, heat exchangers, and catalyst supports require open-cell porous structures with tailored and
uniform material and structural properties, a requirement which can be met by high temperature and
corrosion resistant metallic alloy foams prepared with compositions similar to those mentioned above.
A new technology that transforms pure nickel foam into an alloy foam, and which has now reached the
pilot plant production stage, will be introduced. This technique starts from commercially-available
nickel foam, which is uniformly coated with a pre-alloyed powder using standard powder metallurgical
methods, and subsequently transformed into the desired alloy throughout the strut cross-section in a
relatively short time with a carefully controlled heat treatment that utilizes transient liquid-phase sin-
tering. This process allows for the preparation of a wide variety of foam compositions and structural

features, which is important for tailoring material properties to a specific application.

1. Introduction

Applications such as diesel particulate filters, heat exchan-
gers and catalyst supports require open-cell porous structures
with tailored and uniform structural and material properties.
Mechanical and corrosion stability at elevated temperatures
are the most important requirements in the aforementioned
applications. INCO is the worlds largest producer of Nickel
foam, i.e., over 4,000,000 m? per year are produced, mainly
for the battery market. The technology is established for high
throughput cost-effective production. However, this foam
has only limited high temperature stability. The concept of
tailoring the properties of this commercially available foam
(INCOFOAM®) in order to make it stable at extremely high
temperatures could possibly offer a wide range of new appli-
cations.
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2. Production Technology

A technology to transform the commercially available Ni
foam into an alloyed foam with high temperature stability
was developed (INCOFOAM®HighTemp). Fig. 1 shows the
patented manufacturing process.*! The main features of this
powder metallurgical process are the coating of the Ni foam
with a binder by a spraying process and afterwards with a
specified metal powder (e.g. Tab. 2). The following heat treat-
ment includes a debindering and sintering step (see Fig. 2).
During the transient liquid phase sintering process elements
from the powder diffuse rapidly into the foam struts and
ensure a homogeneous alloy foam composition. Microscopy
images show a comparison of the pure Ni foam vs. alloyed
foam in Fig. 3. The high roughness of the alloyed foam offers
a number of advantages, including high specific surface and
good adhesion of catalytic coatings which are described in
the sections to follow.

In Table 1 a “foam toolbox” summarizing foam properties
and their respective ranges is shown. There is a wide range of
porosities and pore sizes available in the alloyed foam, allow-
ing filtration characteristics like pressure drop or filtration
efficiency to be adapted to the respective conditions. The
thickness can be increased substantially by sintering a stack
of foams together allowing the manufacturing of geometries
like cylinders or cuboids. The process is very flexible with

~ 1. Nickel foam unwinds

. 2. Binder solution spray

6. Final product - true alloy
foam - INCOFOAM*HighTemp

5. Heat treatment
(de-bindering & sintering)

application

4. Cut into sheets

1. Alloy powder coated foam before heat treatment

2. Binder burned off

_éws LIS

3. Rapid transient liquid phase sintering

4. Homogeneous alloy foam after heat treatment

Fig. 2. Schematic illustration of processes occurring during transient liquid phase sin-
tering with increasing temperature and time.
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Fig. 3. SEM images of (a) pure Ni foam and (b) alloyed foam.

Table 1. Foam Toolbox.

Properties Range Application
Pore size 250 micron Flow resistance,
distribution to2 mm pressure drop, filtration
efficiency as deep bed
filter
Porosity 95 % max Flow characteristics,
pressure drop
Density 300 g/m? to 5000 g/m? Mechanical strength,
depending on thickness  corrosion resistance,
durability
Thickness 1 mm to 5 mm Manufacturability,
(depending on pore size) shaping, cost
Alloy Inconel® type, Thermal resistance,
composition Monel®, NiAl, corrosion resistance,

Porous substruct.
within foam

NiAICr, FeNiAICr

Micro porosity

coatability, thermal &

electrical conductivity,
magnetic properties,
mechanical strength

Surface filtration,
pressure drop
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Table 2. Calculation of element composition of powder for a fenicral alloy.

Composition [wt%] Fe Ni Cr Al

Alloy foam (FeNiCrAl) 22,40 49,60 22,00 6,00

Powder for alloying 35,56 20,00 34,92 9,52

process

respect to the metal composition, because a wide variety of
metal powders can be used (more than 40 different composi-
tions were tested successfully). The high workability of the
Ni foam allows it to be manufactured to the final geometry of
the component after application of the coating, before the
sintering stage. In this way complex components made of
materials that are difficult to work are also easy to manu-
facture.

The powder composition has to be calculated such that the
alloyed foam has the desired target composition. The amount
of powder that has to be coated on the Ni foam was obtained
by a number of coating tests. The percentage of powder with
respect to the overall mass of the alloyed foam is called pow-
der-foam ratio (PFR) and its optimum value is in the range of
59 .- 67 %. In Table 2 the calculation is shown for a currently
used alloy using a PFR of 63 %. In terms of production capaci-
ty, upscaling has taken place: a pilot plant has been built near
Munich with an output of about 100,000 m*/year.

3. Foam Properties

3.1. General Foam Properties

Properties will be summarized and discussed for one of
the currently used FeNiCrAl alloys (composition see Table 2).
The most important properties of the Ni and alloy foam, e.g.
density and PFR, are summarized in Table 3. The density of
the nickel foam increases by the powder coating process. The
density of the alloyed foam is low with values between 0,41
and 0,72 g/cm®, which offers a high potential for lightweight
metallic structures. Further foam properties are summarized

in Table 4. The bending properties were tested at room tem-
perature. As there is a foam anisotropy in terms of mechani-
cal properties, measurements were done along two of the
representative foam directions designated longitudinal (L)
and transverse (T). The anisotropy comes from the slight
elongation of the pores during the Ni-foam production pro-
cess.

3.2. Oxidation and Corrosion Resistance

An analysis of the behaviour of the foam after being
exposed to high temperatures was carried out. In order to
evaluate the oxidation resistance, the foam was exposed to air
at set temperatures between 700 — 1000 °C for 20 h. After the
tests, the mass gain, which is a value of the amount of oxida-
tion, was measured and the material was analyzed by EDX.

Fig. 4 shows a mass gain comparison for different temper-
atures. Clearly the FeNiCrAl alloy is superior to Inconel 625
in terms of oxidation resistance. This is mainly due to its alu-
minium content, which enables the alloy to form an alumina
layer and ensures a long-term oxidation resistance at temper-
atures > 950 °C.”# In this case chromium supports the alumi-
na scale formation on the surface because it prevents the
internal oxidation of aluminum.”! As it can be seen in Fig. 4,
the amount of oxidation can be further reduced by pre-oxi-
dizing this alloy, because the protective layer is then already
formed before the foam is exposed to air at high temperatures
(to be discussed in the subsequent section). The oxidation
resistance of Inconel 625 is based on a chromia layer which is
only stable for temperatures < 900 °C.

The mechanical behaviour after oxidation was also ana-
lyzed. This was done by 3-point bend testing (support width:
25 mm, crosshead speed: 2 mm/min). Results are summa-
rized in Fig. 5 (bending strength) and Fig. 6 (bending elonga-
tion). The behaviour of oxidized foam with respect to pore
size is the same as observed in as-sintered state (i.e. decrease
of strength in increase of elongation). With respect to oxida-
tion temperature, the foam strength is only slightly influ-
enced by temperatures up to 900°C, the largest decrease
occurs in the L direction between 900°C and 1000°C. The

Table 3. Summary of foam density (Ni foam and alloyed foam) and PFR for four commercially available pore sizes.

Pore size Ni foam alloyed foam
[hm] . . . . . .
density density thickness density density thickness powder/
(g/ m?) (g/ cm®) (mm) (g/ m?) (g/ cm®) (mm) foam ratio
[%]
450 420 0,26 1,60 1150 0,72 1,60 63
580 420 0,22 1,90 1150 0,60 1,90 63
800 460 0,18 2,50 1195 0,48 2,50 62
1200 500 0,17 3,00 1235 0,41 3,00 60
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Table 4. Summary of further foam properties(*L = Longitudinal direction, i.e. the foam coiling direction; T = Transverse direction being

perpendicular to L).

foam quality* / properties D450 D580 D800 D1200
bending strength [MPa] L / T * 23,3 /14,3 115/76 6/38 47 /25
bending elongation [%] L / T * 4/6,0 46 /69 7,7 /10,3 7,7 / 14,6
specific surface area [mm/mm] 21 15 12,5 11
open porosity [%] 92 90,2 90,5 91,4
thermal conductivity [W/m*K] 0,228 0,209 0,224 0,21
CTE [1/K] 20 °C - 600 °C 0,000015
heat capacity c;, [J/(g*K)] 100 - 500 °C 0,51-0,58
melting range alloy foam [°C] 1320 - 1350
9,00 .
Another test, which the foams had to undergo,
8,00 — was a durability test under a diesel exhaust model
700 atmosphere (gas composition: 12 %CO,, 10 %H,0,
' 6 %0,, 200 ppm SO,, balance Nj) for 10, 30 and
_ 600 100 h at 900°C. In this test, a sintered sample was
% 5,00 S;gg:g’ ig: compared to two samples being pre-oxidized at air
S B900°G. 20n and low oxygen partial pressure (this regime will
é 4,00 O1000°C, 20n| e explained in more detail within the next chap-
3,00 ter). Results in terms of the mass gain are shown in
Fig. 7. The following general conclusions can be
2,00 drawn:
1,00 - — the mass gain increases with time and tempera-
[ I s i ture
0,00 ' '

IN 625 Fe 2 sintered

Fig. 4. Mass gain comparison after oxidation between Inconel®625 (IN 625) in sintered state and
currently used FeNiCrAl alloy foam in sintered and pre-oxidized state (note: no value is given for IN
625 at 1000 °C, because the foam was completely oxidized).

Fe 2 pre-ox.

30,00
25,00
==18
20,00 H .
= O as sintered
< @700°C, 20h
-‘:61 15,00 H [ 800°C, 20h
H B 900°C, 20h
» 1000°C, 20h
10,00 H =
5,00 -H
0,00 L '
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T
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Fig. 5. Foam strength of FeNiCrAl alloy in oxidized state for different foam qualities.

— pre-oxidation helps to decrease the mass gain (i.e.
due to passivation the amount of corrosion under
diesel exhaust is reduced)

— the degree of improvement is different between
the two regimes “air” and “low p(O,)”; the latter
leads to the formation of a more protective passi-
vation layer

Within the respective regimes, the amount of oxi-
dation can be further lowered by:
- increasing pre-oxidation temperature & time (air)

- decreasing oxygen partial pressure (low p(Oy))

3.3. Enhancing High-Temperature Stability
by Pre-Oxidation

As the foams are exposed to high temperatures
for longer service times, pre-oxidizing the foams in
order to establish a protective layer helps to
enhance corrosion resistance. The most desirable
protective layer is a-alumina, as it has the best high-

bending elongation decreases by 30 — 50 % with oxidation
temperature; the largest gap is between the sintered state and
the oxidation temperature of 700°C. None of the samples
appeared brittle after oxidation.

temperature protective characteristics. As the currently used
FeNiCrAl alloy contains aluminium, it is expected to form an
alumina layer in contact with oxygen. However, the forma-
tion of oxides other than alumina needs to be avoided, as they
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Fig. 6. Bending elongation of FeNiCrAl alloy in oxidized state for different foam qualities.
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Fig. 7. Mass gains of sintered and pre-oxidized FeNiCrAl alloy under diesel exhaust at-
mosphere at 900 °C after 10, 30, 100 h (source: Dechema, Frankfurt).

may be harmful to layers, which are coated on the foam (e.g.
catalytically active layers). In addition the oxidation resis-
tance increases with the homogeneity of the alumina scale. A
regime with an oxygen-containing atmosphere was found,
which ensures the formation of only a-alumina.

Therefore it becomes necessary to adjust the oxygen partial
pressure in the pre-oxidation atmosphere. To suppress
the chromia formation, a partial pressure p(O,) has to be
< 1078 bar while the alumina forms at p(Oy) > 107 bar. The
result of the optimized pre-oxidation conditions is a dense
and homogeneous protective layer, without other oxides
formed above it (as it also acts as a diffusion barrier). An
example is shown in Fig. 8; only alumina is formed (in prin-
ciple all other oxides, e.g. from Ni, Fe and Cr can also form,
but are suppressed). As this sample has also been aged
(1000°C, 20 h, air), the suitability of the protective layer as
diffusion barrier was also proven. The microstructure of the
strut material shows no internal oxidation or AIN precipi-
tates. Generally, without a dense alumina scale nitride forma-

tion is observed for commercially used alumina formers like
FeCrAl and NiCrAL™ In this case aluminium would be
consumed near the surface which results in a weak alumina
scale formation and a less oxidation resistance. Therefore
the pre-oxidation conditions have an important effect on the
high temperature performance of the foam material.

4. Applications

4.1. Overview

The unique combination of properties of the
INCOFOAM®HighTemp allows it to be used for a wide vari-
ety of applications, which include:

— filtration at high temperatures (i.e. as diesel particulate fil-
ter (DPF) or diesel oxidation catalyst (DOC) in the exhaust
stream of automotives)

— noise absorber
— heat exchanger

Currently the focus is on the DPF application. Due to the
good manufacturability of the foam and different available
pore sizes, filtration properties can be tailored, e.g. by the de-
sign (Fig. 9) or by changing the pore size along the gas flow
in order to adjust soot distribution, backpressure and filtra-
tion efficiency. Foam sheets can be joined by either coiling or
by sintering them in stacks (Fig. 10). The foam sheets can be
cut, stacked or rolled to the final axial (Fig. 10(a)) or radial
(Fig. 10(b)) design. Fig. 10(c) shows an example for a canned
radial filter. With regard to a low back pressure the radial
filter design is preferred (Fig. 9(d, e), 10(b, c)). In order to
increase conversion efficiencies at lower temperatures,
catalytically active layers containing platinum (“washcoat”)
are coated on the alloyed foam (Fig. 11). The rough surface of
the foam material ensures a very good adhesion of the wash
coat.
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' Elektronenbild 1
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Fig. 8. Element distribution measured by EDX of pre-oxidized and enclosed at 1000 °C, 20 h under air aged sample: (a) BSE image, (b) aluminium, (c) chromium, (d) oxygen.

4.2, Filtration Data

Some selected results will be presented in this section and
foam filters are compared vs. surface/wall-flow filters. More
detailed test results are described in a separate paper.'!
With surface filtration technology, the soot is collecting only
on the strut surface of the foam, while the pores are not
blocked (Fig. 12). Therefore the back pressure increase with
high soot loading is limited. The same effect can be observed
for ash accumulation. Wall-flow filters have a considerable
loss of filtration volume over the filter lifetime because the
pores are blocked by the accumulated ash; by comparison,
the structure of the foam filter remains open for its lifetime.
Compared to the state-of the-art wall-flow filters, the regen-
eration of the deep-bed foam filters occurs faster and at low

temperatures because of improved soot contact. Furthermore
no soot-blow off was observed under different conditions on
bench and vehicle tests.

In Fig. 13 pressure drops are compared for different radial
metal foam DPFs with ceramic DPFs (foam DPF volume:
2,5 1). The pressure drop occurs due to the loading of the filter
with soot and therefore, it increases with soot loading. The
580 pm foam filter has a lower pressure drop than a compar-
able SiC filter and it can be decreased further by using foams
of different pore sizes (labeled as “porosity gradient”). There-
fore, in terms of pressure drop the metal foam filter can com-
pete with currently used DPFs.

A further potential application is the diesel oxidation cata-
lyst which is described in more detail in another work.!"?
Fig. 14 shows a comparison of a foam and cordierite DOC

808

http://www.aem-journal.com

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED ENGINEERING MATERIALS 2008, 10, No. 9



Fig. 9. Different designs for applications: (a), (b) axial flow filter, (c) parallel assembly
of axial flow filters, (d) radial and (e) radial cross flow filter.

with respect to their hydrocarbon (HC) emission (cordierite
volume: 1.25 1, foam volume: 0.36 1). Although the total Pt
loading and volume of the foam DOC are smaller by a factor
of 3.4, the total HC emission is comparable between the two
DOCs, which is caused mainly by the higher surface and
mass-transfer. Therefore, there is a great potential for compo-
nent volume and Pt loading reduction, which in turn helps to
reduce costs.

A summary of the main properties, which make the foam
an attractive candidate for the DPF and DOC application, are
summarized below:

— high design flexibility to meet the application require-
ments,

— low volume and weight,
— low heat capacity results in good cold start performance,

— faster regeneration at low temperatures because of im-
proved soot contact by deep bed filtration,

Fig. 11. Metallographical image of washcoated foam.

— high specific surface and therefore higher catalytic activity
of the wash coat results in lower component volume and
reduced platinum loadings which increases cost effective-
ness,

— no pressure drop by ash accumulation over the life time.

5. Conclusions

A new powder metallurgical process was developed al-
lowing the transformation of nickel foam into a high tempera-
ture corrosion resistant foam. This technology is cost efficient
and suitable for a large scale production. Parameters such as

Fig. 10. (a) axial filter cut from sintered stack of foams, (b) radial filter made by coiling of foam sheets, (c) canned radial filter.

ADVANCED ENGINEERING MATERIALS 2008, 10, No. 9

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

809

http://www.aem-journal.com



Walther et al./A New Class of High Temperature and Corrosion Resistant Nickel-Based Open-Cell Foams

VergroBerung = 50 X Signal A = SE1 Datum :2 Jul 2007

Hachsp, = 15.00 kv

200pm

Arbeitsabstand = 8.0 mm Dateiname = Fe2 Rult_580pm_03 tif

Datum :2 Jul 2007 mE
20um 1]

VergréBerung = 200X Signal A = SE1

Arbeitsabstand = 7.5 mm Hochsp. = 15.00 kv Dateiname = Fe2 Ruft_580pm_0S.Aif

Fig. 12. SEM images of soot loaded foam (a) overview, (b) higher magnification, soot
loading 9 g/I.

pore size and alloy composition can be varied in a wide
range, and, combined with the good workability, make this
foam especially promising in high temperature applications.
High-temperature stability was described based on a FeNi-
CrAl alloy, which shows very good results. Stability against
corrosion at high temperatures can be achieved with this
foam due to the fact that it establishes a protective layer con-
sisting of a-alumina. With this foam, long term stability can
be achieved for temperatures > 950 °C. Furthermore it was
shown that pre-oxidizing the foam before putting it into
service improves its already-high corrosion resistance. A pre-
oxidation technology has been developed that ensures exclu-
sive formation of a-alumina. In terms of high temperature
applications, the foam is a possible candidate for filtration,
heat exchangers and noise absorption. In the field of diesel
particulate filters (DPF) and diesel oxidation catalysts (DOC)
the new foam material offers a high soot filtration perfor-
mance and a high effectivity as a catalyst carrier.
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Fig. 13. Pressure drop vs. soot loading (engine speed: 1700 RPM) (source: LAT, Thessaloniki).
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