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1 | INTRODUCTION

Open-cellular ceramic foams have been manufactured from
a great variety of materials, among them from alumina.'?
Applications may be found as molten metal filters, as sup-
ports for solid-particle catalysts and heat storage materials,
or for light metal reinforcement.”™ Topical research in this
field is mainly dedicated to surface area enlargement, surface
modification with a second phase or increase of the foam’s
mechanical strength.6"16

In this study, we aim to introduce chromia into alu-
mina: chromia—Cr,03—and alumina—Al,O;—form a
solid solution with indefinite miscibility at temperatures
above 1200°C (Figure 1; Ref. 17). At lower temperatures,
a (pressure dependent) miscibility gap exists, which may
result in a phase separation into two individual corundum
phases. The ionic radii of AP (54 pm) and crt (62 pm)
differ by 15%"8; thus, incorporation of Cr** into alumina

| Daniel Schrake | Michael Scheffler

Open cellular ceramic foams were manufactured from plain and chromia-doped alu-
mina, with a chromium concentration ranging between 1.25 mol% and 5.0 mol%. The
(AICr),05 starting powders were prepared by precipitation of a chromia precursor
onto the surface of an alumina powder and subsequent calcination. Characterization
of the starting powders as well as the foam samples made therefrom were carried out
with respect to the chromium concentration in the alumina phase and the influence
of the dopant on the cellular structure and sintering behavior of the doped material.
While no positive effect on the compressive strength of the ceramic foams was found,
the dopant influences the sintering behavior resulting in an increased shrinkage and in

a reduction of total porosity.

chromia-alumina solid solution, reticulated ceramic foams

results in a change of the electronic properties by com-
pression of the 3d orbitals of chromium.'® Most evidently,
this expresses in a shift of the optical absorption maxi-
mum for Cr** from red to green and consequently in a
color change: Whereas pure alumina is colorless and
pure chromia is green, (AlCr),05 solid solutions with a
few percent Cr’* are of intense red color (ruby). Besides
the optical effects, the crit doping is expected to affect
the mechanical characteristics of the respective ceramic
composites. The larger size of crt compared to AIP* may
lead to residual stresses in the crystal lattice, when only
part of A’ is substituted by Cr*. These stresses might
be similar to the compressive stresses which are generated
in Al,03-ZrO, transformation toughened ceramic compos-
ites**** and might result in an increase in strength for the
Cr3+-doped alumina ceramics. Therefore, the main focus
of the present study is the preparation of cellular ceramics
made of chromium-doped alumina and the investigation
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of the compressive strength under consideration of micro-
structural effects and the crystal chemical characteristics
of the (AlCr),0;5 solid solution phase(s).

For this purpose, a precipitation route was selected
for the starting powder synthesis. The chromia precursor
(NH,)Cr(OH),(CO3) was precipitated in varying amounts
onto the surface of a conventional alumina ceramic pow-
der and converted into Cr,O5; by calcination at 1000°C.
In Figure 1, the composition of the respective samples is
shown in the context of the phase diagram of Al,O0;—Cr,0s.
From the obtained starting powders, dispersions suitable
for the Schwartzwalder polymer foam replication process
2 were prepared from which the respective cellular ce-
ramics were manufactured. Characterization of compos-
ite powders and foams was conducted by powder X-ray
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FIGURE 1 Phase diagram Al,05-Cr,05 and composition of

the composite powders (calcined at 1000°C) and foams (sintered at
1650°C) prepared within this work. The phase diagram is redrawn
using data published in Ref. 17 The inset shows the region investigated
within this work

TECHNOLOGY

diffraction (pXRD) and Rietveld analysis with respect to
the chromium concentration and phase composition. For
the obtained ceramic foams, the porosity was analyzed by
the Archimedes principle as well as microcomputed to-
mography (u-CT). In addition, the compressive strength
was measured and the obtained data were correlated to the
sample's microstructure.

2 | EXPERIMENTAL PROCEDURE

2.1 | Starting materials preparation
The chromium-doped alumina powders as starting materi-
als for the foam manufacturing were prepared by precipita-
tion of the Cr,0O5 precursor compound (NH,)Cr(OH),(CO3)
onto alumina particles followed by a calcination procedure.
The precipitation of the (NH,)Cr(OH),(CO;) precursor was
adapted from Ref. 25

The typical procedure was as follows (given amounts
of reactants refer to the (AICr),O; powder containing
1.25 mol% Cr; Table 1 summarizes the reactant amounts for
all samples): 204 g (2.00 mol Al,O5; 4.00 mol A13+) of alu-
mina powder (CT 3000 SG; Almatis GmbH, Ludwigshafen,
Germany; ds, = 0.5 um) was dispersed in 400 mL deionized
water. The dispersion was heated to 60°C; subsequently,
20.24 g (50.6 mmol) of chromium(IIl)-nitrate nonahydrate
(Cr(NO3)3-9H,0; Acros Organics, New Jersey, USA) was dis-
solved in the alumina dispersion under vigorous stirring. The
obtained dispersion is referred to as dispersion A. Separately,
14.57 g (151.8 mmol; 3 eq. w. 1. t. Cr(NO3);-9H,0) of am-
monium carbonate ((NH4),CO5; Sigma Aldrich, Darmstadt,
Germany) was dissolved in 76 ml deionized water, so that a
solution with 2 mol L™' ammonium carbonate was obtained.
This is solution B. Finally, the (NH,),CO; solution B was
added dropwise to the Al,O5/Cr(NOs); mixture A using a
dropping funnel with a rate of 1 drop per second. The disper-
sion was maintained at 60°C and stirred vigorously during

TABLE 1 Composition for the (NH,)Cr(OH),(COj) precipitation
on alumina; solution B was added dropwise to dispersion A. theoretical
Cr’* concentrations were 1.25 mol%, 2.5 mol%, and 5.0 mol%

Composition // mol% Cr** in

(AICr),0;
Component 1.25 2.5 5.0
A Demineralized H,O / ml 400 400 400
Alumina CT 3000 SG/g  204.0 204.0 204.0
Cr(NO3);-9H,O / g 20.24 41.20 84.40
B  Demineralized H,O / ml 76 155 317
(NH,),COs/ g 14.57 29.66 60.77
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the addition. The whole process took approximately 30-
120 minutes, depending on the amount of solution. After
addition of the ammonium carbonate solution the resulting
solid was separated from the aqueous solution by filtration.
In order to remove excess (NH,),CO; as well as formed
(NH4)NOs, the collected powders were redispersed in 500 ml
demineralized water. The mixture was heated to 80°C and
stirred vigorously for 2 h. Afterward, all solids were again
collected by filtration. The washing procedure was repeated
until the washing solution was almost free of carbonate and
nitrate salts, which can be controlled by simple density deter-
mination. A thorough washing of the (NH,)Cr(OH),(CO;)@
Al,O5 powder is necessary to avoid oxidation of crt during
the final calcination step by residual nitrate salts.

After drying at ambient conditions, the precursor powders
were transferred into an alumina dish, which was additionally
loaded with a second (smaller) alumina boat containing 3.0 g
carbon fibers. The carbon fibers are added for consuming the
oxygen being present in the reaction vessel and to provide a
slightly reducing CO/CO, atmosphere in order to avoid oxi-
dative loss of Cr in the form of CrOs. The entire setup was
sealed with a chamotte lid with a mineral wool mat in be-
tween to close an eventual gap between the alumina dish and
chamotte lid. Calcination was carried out in a chamber fur-
nace (Nabertherm LH 30/14, Nabertherm GmbH) at 1000°C
with a heating rate of 5 K min~!, a holding time at a peak
temperature of 3 h and a cooling rate to room temperature of
5K min~". After the withdrawal of the powders from the fur-
nace they were ball-milled in ethanol—150 ml ethanol, 130 g
of doped alumina powder, and 50 alumina balls with a diam-
eter of 10 mm in a 250 mL alumina grinding bowl—using a
planetary ball mill (PM 400, Retsch Technology GmbH). The
ball mill was operated for 1 hour at a rotational speed of 300
revelations per minute. After milling, the (AlCr),0; powders
were sieved and mortared and used for ceramic foam prepa-
ration. The proof of chromium incorporation in alumina was
carried out by X-ray powder diffraction analysis (pXRD)
combined with Rietveld analysis for phase amount detection
as will be described below.

2.2 | Dispersion formulation and foam
manufacturing

Ceramic foams from the Cr** doped alumina powders were
manufactured according to Ref. 26 The ethylammonium cit-
rate deflocculant Dolapix CE 64, the polyvinylalcohol binder
Optapix PA 4G and the de-foaming agent Contraspum K
1012 used as processing aids were obtained from Zschimmer
& Schwarz GmbH & Co. KG. Table 2 provides the composi-
tion of the respective dispersions.

The solid load of the dispersions was 78.3% for the un-
doped powder, 78.4%, 72.8%, and 77.5% for the dispersions

LIABLE 2 Dispersion compositions used tor the (AILT),U; toam

manufacturing
Sample series // mol% Cr** in
(AICr),0;4
Component / g 0.0 1.25 25 5.0
Dolapix CE 64 1.00 1.00 1.00 1.00
Demineralized H,O 25.0 25.0 34.3 26.5
Alumina, undoped 100.0 —_ — —_
Alumina, Cr-doped — 100.0 100.0 100.0
Optapix PA 4G 1.50 1.50 1.50 1.50
Contraspum K 1012 0.10 0.10 0.10 0.10

Total solid content / wt% 78.3 78.4 72.8 77.5

with the Cr-doped powders (in ascending sequence w. r. t.
the doping amount). The dispersion preparation was per-
formed using a planetary centrifugal mixer (Thinkymixer
ARE-250, THINKY Corp.) according to a previously de-
scribed procedure.26 The (AICr),05; ceramic foams were
prepared by coating the obtained dispersions onto polyure-
thane (PU) foam templates with 20 pores per inch (ppi).
The template foams (SP30P20R, Koepp Schaum GmbH)
were of circular shape with 30 mm in height and 20 mm
in diameter. The templates were coated with the respective
dispersion according to the procedure described in Ref. 26
Depending on the solid load of the dispersion, the PU foam
templates were loaded with 2.8 g to 3.2 g of the (AICr),04
dispersion, which corresponds to a total porosity of approx.
90% after final sintering.

After drying, the thermal removal of the PU templates
was carried out with a heating rate of 3 K min~' to 650°C
and a dwell time of 3 h followed by a pre-sintering step at
1,350°C and a heating rate of 3 K min~"; the dwell time was
3 hours and the cooling rate was set to 10 K min~'. After
this pre-sintering step, the foams were transferred to a high-
temperature furnace and sintered at 1650°C for 3 hours.
Heating and cooling rates were set to 3 K min™' and 10 K
min~', respectively. For the template burnout and the sinter-
ing procedure, the foam samples were placed in an upright
position (on the circular base area).

Powder samples after doping and calcination at 1,000°C
are assigned as Al,O5-P-x.xx, and foam samples with a peak
sintering temperature of 1650°C are assigned as Al,O3-F-x.
xx; x.xx reflects the Cr’* concentration in mol%.

2.3 | Characterization of powder and
foam samples

The (AICr),05 powders were characterized with respect to
the phase composition and the incorporation of crt; X-
ray diffraction analysis was carried out with a D8 Discover
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(Bruker-AXS GmbH) with Bragg—Brentano reflection geom-
etry in a 20 range from 20° to 160° and Co Ka,/, radiation.
The X-ray tube was operated with 35 kV and 40 mA, a fixed
divergence slit of 0.6 mm, 2.5° primary and secondary soller
slits were used as optical components. The diffracted intensi-
ties were recorded using a Lynxeye XE-T energy-dispersive
detector operated in 1D mode using the whole detector area
for counting. With the help of the TOPAS Academic V5 soft-
ware package for Rietveld analysis, the phase compositions
were determined. The Cr’* concentration in the ceramic
powders was calculated by Vegard's law from the unit cell
volume of the respective (AICr),05 corundum phase(s) under
consideration of data from Ref. 27.

The foams were characterized with respect to their sin-
tering and shrinkage behavior, porosity, phase composition
(pXRD), Cr’* concentration (pXRD), and compressive
strength. The phase composition and crt incorporation
were determined as described for the powders; the foams
were milled in a mortar prior to characterization with pXRD.
A complementary approach for the proof of the Cr** incor-
poration into the corundum phase of the foam strut material
was carried out with Raman spectroscopy. Powders were
analyzed with an Alpha 300R Raman microscope (WITec
GmbH) equipped with a 55 mW laser with an excitation
wavelength of 532 nm; the scattered light was recorded in a
wavenumber range between 4000 cm ™" and 5000 cm™" being
equivalent to a wavelength of 676 nm to 725 nm.

The porosity was determined with respect to the total
(geometric) porosity from the foam weight and the geo-
metric volume. The strut porosity, being comprised of
the hollow strut cavities and the strut material pores was
measured by the Archimedes’ principle according to the
DIN EN 623-2:1993-11 standard.”® At least ten specimens
per sample series were analyzed and the results were aver-
aged. For details on the porosity measurements, see Refs. 616,

The cell size of the foams was determined with a micro-
computer tomograph (nanotom S, GE Sensing & Inspection
Technologies, Wunstorf, Germany) and the software
CTAnalyser V.1.18 (Bruker microCT, Kontich, Belgium)
for analysis of the tomographic data. The X-ray source was
operated at 60 kV and 160 pA, and no further filtering has
been applied. The voxel size was adjusted to a resolution of
(12 pm)3 which allows the analysis of a (27 mm)3 section of
the respective foam sample. The reconstruction of the 3D
sample volume was performed with the datosIX 2.0 software
GE Sensing & Inspection Technologies). The cell size of
the respective foam samples was deterrmined from the bi-
narized tomographic data by morphometric calculations in
the CTAnalyser software. For binarization, the differential
thresholding approach was used. Prior to the morphometric
analyses, a despeckling was applied to the data. For further
details of the tomographic characterization and the morphol-
ogy analysis using CTAnalyser, please see Refs. 10,29.
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The compressive strength of the foams was determined
with a TIRATEST 2825 universal testing machine (TIRA
GmbH, Schalkau, Germany) equipped with two circular
loading plates of 150 mm in diameter. The foam specimens
were mounted within the testing machine in between two
cardboard pieces for ensuring a more homogeneous load-
ing of the samples. The measurement was performed at a
crosshead speed of 1 mm mm™'. The maximum force was
extracted from the data and used for the calculation of the
compressive strength. At least 10 specimens were measured
per sample series and the average compressive strength was
calculated using the 2-parameter Weibull distribution as im-
plemented in the Visual-XSel 14 software.*

3 | RESULTS AND DISCUSSION

3.1 | Preparation and characterization of the
(AICr),0; powders

During the addition of the ammonium carbonate solution to
the alumina/Cr(NO;); mixture, a change in color was ob-
served from violet (color of the Cr(HZO)6]3+ complex cation)
to almost colorless. After filtration, a clear and colorless fil-
trate as well as a pale violet precipitate were obtained. This
indicates quantitative precipitation of the Cr,O; precursor
compound (NH,)Cr(OH),(CO5) under the chosen reaction
conditions.

For the calcination of the (NH,)Cr(OH),(CO;)@alumina
powder in order to obtain the desired (AlCr),05 solid solu-
tion, the importance of a thorough washing of the precipitate
has been manifested. The oxidation reaction of Cr(IIl) into
Cr(VI) is favored under alkaline conditions'?; thus, remaining
carbonate and nitrate salt contaminations result in the forma-
tion of Cr(VI) compounds. In preliminary experiments, the
formation of Cr(VI) species during the calcination at 1,000°C
has been observed for powders, which were washed only once.
Hexavalent chromium is carcinogenic on the one hand side,
and the formation of volatile CrO; lowers the effective chro-
mium content in the corundum phase. Thus, a proper washing
procedure after the precipitation reaction is highly recom-
mended. The density measurement of the washing solution is a
valid indicator; washing has been repeated until the density of
the washing solution was constant (and close to ~ 1.0 g mL™"
for water). For this, 2-3 washing cycles were necessary, de-
pending on the Cr content in the precursor powders.

After calcination, the (AICr),O; powders Al,O3-P-1.25
and Al,O5-P-2.5 with a Cr** concentration of 1.25 mol% and
2.5 mol%, respectively, show a light reddish shade, whereas
the powder with 5.0 mol% Critis pale green (Figure 2). This
suggests the complete incorporation of all Cr** into the corun-
dum lattice of alumina for the powders with 1.25 mol% crrt
and 2.5 mol% Cr’*, respectively. The Cr’* concentration in
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these samples is clearly below the miscibility gap in the system
Al,053-Cr,0;3, see alsoFigure 1." Thus, the formation of a ho-
mogeneous solid solution is expected at a calcination tempera-
ture of 1,000°C. In contrast, thereto, the powder with 5.0 mol%
Cr’* most likely contains phases with significantly higher Cr**
concentration, which are expected to be of green color.
According to pXRD and Rietveld analysis, the samples
Al,O5-P-1.25 and Al,O5-P-2.5 consist of two individual co-
rundum phases, no other ternary Al-Cr oxides were observed
(Figure 3). This becomes apparent in the splitting of the reflec-
tions, especially at higher diffraction angles. In both samples,
one phase is pure alumina with a corundum structure and a cell
volume of 255.02 A® and 255.09 A%, respectively. For the sec-
ond corundum phase an increased cell volume of 256.52 A’and

o110 ¥O% S¥
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W
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FIGURE 2 (AlICr),0; powders obtained after calcination
at 1000°C with 1.25 mol% Cr** (left), 2.5 mol% Cr** (middle)
and 5.0 mol% Cr** (right)

257.97 A3, respectively, was obtained from the Rietveld anal-
ysis. This volume expansion of the unit cell is a result of the
incorporation of the 15% larger Cr**ions (61.5 pm vs. 53.5 pm
for AI**; ref. '®) into the corundum structure. The phase com-
position is equal in the samples Al,O5-P-1.25 and Al,O5-P-2.5
with 78 wt% of pure alumina and 22 wt% of the (AICr),04
phase with increased unit cell volume (Table 3).

A linear correlation between the unit cell volume of Cr-
doped corundum and the cr*t
Vegard's law *' has already been confirmed in the literature.

From this regression function the Cr** content in a given
corundum phase can be estimated according to Equation 1:

concentration according to

X = (V—255.078%/03507 mol%A~> (D

For the samples Al,0,-P-1.25 and Al,O5-P-2.5, a Cr'*
concentration in the (AICr),O; solid solution phase of
4.1 mol% and 10.9 mol%, respectively, is the result.

The phase composition of the Al,03-P-5.0 powder is of
higher complexity. In total, four different corundum phases
were identified in the pXRD pattern by a profile analysis of
the observed reflections. According to a Rietveld analysis,
one corundum phase is pure alumina (68 wt%) and three
(AlCr),05 solid solution phases co-exist: a) 4.4 wt% with
83.9 mol% Cr’", b) 9.0 wt% with 22.2 mol% Cr’*, and c)
18.4 wt% with 3.1 mol% Cr’*. The (AICr),05 phase a) is
considered as Al**-doped chromia and thus expected to cause
the green color of the sample Al,O5-P-5.0.

Finally, under consideration of the relative phase con-
tent of the pure alumina as well as (AlCr),05 solid solution
phases, a total Cr’* concentration of 0.75 mol%, 2.07 mol%,
and 4.89 mol%, respectively, can be calculated for the sam-
ples Al,O3-P-1.25, Al,05-P-2.5, and Al,05-P-5.0. For the

X experimental X experimental ‘
X o— R.ietveld fit = Rietveld fit (116)
X — difference —— alumina phase
—— alumina+Cr phase
. X 3
5 5
]
] ~ (024)
~ in
o
2 3
2 ]
o 2]
Q c
£ 2
= £
I T T T | T T T l T T T I T T T | T T T l T T T I T T T ] I T I T l T I T | T I T l T l T I T | T I
20 40 60 100 120 140 160 60 61 62 63 64 65 67 68 69 70

angle 20 / deg.
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FIGURE 3 pXRD measurement and Rietveld analysis for an (AlCr),0; powder with 2.5 at.% Cr** calcined at 1000°C (left). The detail plot
(right) shows the splitting of the reflections due to the presence of two individual corundum phases (violet and green line) with slightly different

lattice constants. As an example, the (0 2 4) and (1 1 6) reflections are shown, the splitting is observed for all other reflections as well
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34 34 TABLE 3 Cr’* concentration in
Cell volume Phase content Cr’" content Total Cr’" content . d " lcinati )
o ceramic powders arter calcination at
Sample /A3 / wt% phase / at.% sample / at.% P . .
1,000°C and in ceramic foams made
ALOs-P-1.25 255.02 784 0 0.75 therefrom after sintering at 1,650°C; phase
256.52 21.6 4.1 compositions determined by Rietveld
ALO;-P-2.5 255.09 77.8 0 2.07 technique and the Cr’* concentration
25797 99 10.9 calculated by Vegard's law with the unit cell
volume and lattice constant data from Ref.
Al,O5-P-5.0 255.03 68.2 0 4.89 [27]
284.49 44 83.9
262.88 9.0 22.2
256.12 18.4 3.1
ALO5-F-1.25 255.33 100 0.82 0.82
AlLO5-F-2.5 255.76 100 2.02 2.02
ALO;F-5.0 256.73 100 4.79 4.79
300 . 1 s 1 . L . L . transforming lattice parameters. However, this behavior can-
< O cellvolumeV of (AlCr),05 [Rossi, 1970] not be analyzed by the Rietveld approach, as it needs phases
> — Vegard's law: V = 0.3507X¢+255.07 A2 . . .
% 00 N with a distinct set of lattice parameters. Nevertheless, the
£ approach using a finite number of corundum phases with
E slightly different lattice constants gives a realistic estimate of
o — -
S 280 the total Cr’* concentration within the material as the results
..9.' obtained for the multiphase powders processed at 1.000°C
bl B are in good agreement with the finally sintered foam struts,
b which consist of a single corundum solid solution phase
g 260 - without a detectable Cr* gradient (Table 3).
3 Before calcination, the powder particles can be described
v .
250 ; | : i . ! . : : by means of a core-shell structure (Figure 5), whereas (NH,)
0 20 40 60 80 100 Cr(OH),(COy), as precipitated on the CT 3000 SG particles,

Xer (CP2*in (AlCP),05) / mol%

FIGURE 4 Regression analysis of the cell volume / Cr*
concentration data for (AlCr),05 solid solutions adapted from Ref.
27 The regression function is applied for the estimation of the Cr**
content in the samples within this work

powders Al,O;-P-1.25 and Al,05-P-2.5, this is only 60% and
83% of the intended Cr** content of 1.25 mol% and 2.5 mol%,
whereby for the Al,O3-P-5.0 specimen the intended cr*t
almost reached. The reason for this deficiency is not clear
yet, probably it is due to the limited accuracy of the Rietveld
technique for the quantitative phase analysis (Figure 4).

The formation of several co-existing corundum phases
with different lattice parameters and therefore varying crrt
concentration indicates a slow diffusion of Cr** (and A13+)
within the oxide phases. This is a consequence of the low cal-
cination temperature of 1000°C. In this context, the approxi-
mation of the experimental powder pattern using the Rietveld
technique and a set of corundum phases with slightly differ-
ent lattice constants should be considered as an approxima-
tion of the true sample microstructure. In reality, the cr*t
concentration will follow a more or less continuous gradient
from the particle surface to the core resulting in continuously

represents the shell. During calcination, (NH,)Cr(OH),(CO3)
decomposes into finely divided Cr,O; which then starts to
form a solid solution on the surface of the alumina core of
the particles. Depending on the amount of Cr,0; and the
diffusion coefficients of Cr’* and Al3+, the concentration
gradient between the surface and bulk volume of the parti-
cles is expected to decrease during the calcination process.
Nevertheless, the temperature of 1,000°C is too low for
obtaining a homogeneous (AlCr),05 solid solution. For in-
stance, the Cr-Al interdiffusion in the related spinel compound
MgAl 4Cr; 4Oy, is slow for temperatures below 1,500°C with
an interdiffusion coefficient D, 4, ~ 1.0-107"% cm? 5713
For 1700°C, Dg,.4; increases by two orders of magnitude to
1.1-1079 em? s~ Thus, homogenization of the Cr distribu-
tion in the (AlCr),05 samples within this work is expected for
the (foam) samples finally sintered at 1650°C.

3.2 | Preparation and characterization of the
(AICr),0; ceramic foams

For all prepared (AlCr),0; powders, the formulation of a
suitable dispersion for the manufacturing of ceramic foams
by the Schwartzwalder sponge replication process was
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FIGURE 5 Schematic representation of the cr’t incorporation into alumina after chromia precipitation and temperature increase during

calcination and final sintering
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FIGURE 6 Ceramic foams manufactured from different
corundum powders and finally sintered at 1,650°C: pure alumina (left),
(AICr),05 with 1.25 mol% crt (middle) and (AICr),05 with 2.5 mol%
Cr** (right). The foam sample with 5.0 mol% is not shown

possible. In general, it should be noted that the viscosity of
the (AlCr),0; dispersions was higher in comparison to pure
CT 3000 SG alumina powder dispersions at the same solid
load. Most likely, this is a consequence of finely divided
(AICr),05 powder fractions formed during the calcination
and ball mill processing. Thus, the solid content in the re-
spective dispersions had to be decreased by visual judgment
with respect to the flow characteristics of the dispersion.

After the final sintering step, all (AlCr),05 solid solution
foams possessed the characteristic red color of Cr-doped alu-
mina (“ruby”), whereas an increase in color intensity was no-
ticed for an increasing Cr’* concentration from 1.25 mol% to
5.0 mol% (Figure 6).

Raman spectroscopic investigation of strut cross sec-
tions confirmed the homogeneous dissolution of Cr’ into
alumina. In Figure 7 Raman spectra in the NIR range of a
pure alumina reference sample as well as (AlCr),05 foams
with a Cr** amount of 1.25 mol%, 2.5 mol%, and 5 mol%

wavelength / nm

676 685 695 704 714 725
. T = T E T i T i
—— CT 3000 SG
——1.25% Cr®*
——2.50 % Cr3*
5 ——5.00 % Cr®*
o S
o ©
o -~
; 2>
2 2
b Q
S c
=
T T T T T
4000 4200 4400 4600 4800 5000

wave number / cm™

FIGURE 7 Raman spectra in the NIR range showing the
red luminescence of Cr** incorporated into the alumina lattice;
excitation wavelength was 532 nm

are presented. All samples show the red luminescence sig-
nal (double peak at 693 nm and 695 nm) characteristic for
Cr’* jons in an octahedral environment within the alu-
mina lattice. > Interestingly, the pure alumina foam shows
a luminescence signal of low intensity as well, which was
assigned to cr*t impurities in the CT 3000 SG powder.
Moreover, it was observed that the luminescence inten-
sity of the (AlCr),0; foam strut material decreased with
increasing concentration of Cr** which is due to concentra-
tion quenching, already described in Ref. 34. An analysis of
the position of the luminescence signal reveals no shift of
the double peak with increasing Cr** concentration in the
(AICr),0O5 material. Thus, the local coordination environ-
ment of Cr’* (Cr-O distances) is equal for all samples and
no clustering of Cr’* inside the corundum phase is to be
expected for the samples with higher Cr** content.

For all foam sample series, a pXRD and Rietveld charac-
terization of the mortared (AlCr),05 foam strut material re-
vealed the presence of only one single corundum phase with
respect to an analysis of the reflection profiles (Figure 8).
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FIGURE 8 pXRD measurement and Rietveld analysis for an (AlCr),0; foam with 2.5 at.% Cr** sintered at 1650°C (left). The detail
plot (right) shows no splitting of the reflections, thus only one corundum phase containing all Ccritis present

Consequently, a homogeneous (AlCr),05 solid solution
has formed for all samples. According to the Al,05-Cr,0;
phase diagram (Figure 1), this was expected, as the sintering
temperature of 1650°C is clearly above the miscibility gap
for all Cr** concentrations. The diffusion of Cr** and AI**
inside the oxide phase is sufficiently fast at 1650°C.>* Thus,
a homogeneous distribution of Cr** was reached and no chro-
mium gradient evolves, which would result in splitting of the
corundum reflections in the pXRD pattern.

With respect to the Cr** concentration in the strut ma-
terial of the foams after sintering, as determined from the
pXRD data, no difference in the starting powders was ob-
served (Table 3). Thus, a Cr depletion in the samples due to
the formation of volatile Cr-O species during sintering can
be excluded.

The sintering behavior of the (AlCr),05 foams is affected
by the Cr** concentration in the strut material (Figure 9).
With increasing crt content, the linear (and volumetric)
shrinkage increases from 14% (43%) for pure alumina foams
t0 20% (55%) for the Al,04-F-2.5 series. For the samples with
the highest Cr** content of 5.0 mol% a decrease in shrinkage
was observed again. This course in shrinkage is also reflected
in a slight decrease in the cell size of the foams (alumina:
2.8 mm, Al,O53-F-1.25/2.5: 2.7 mm; Table 4).

This is in accord with the course of the total porosity of the
foam samples, which decreases linearly from 90.4% for pure
alumina to 87.9% for the Al,05-F-2.5 series (Table 4, Figure
10). Higher Cr** concentrations do not result in a further de-
crease in porosity. With respect to the porosity inside the strut
material no significant effect of the crrt doping became ap-
parent. The total strut porosity ranges between 18% and 20%
for all sample series (Figure 10, Table 4). Thus, the effect of
Cr** on the total porosity of the samples as discussed above
is a consequence of the increased shrinkage and therefore the
volume reduction of the foam samples.

60

shrinkage / %
8
!

*l g

—O— linear shrinkage (sample height)
—O— volumetric shrinkage

L L s B e B e N
0 1 2 3 4 5
Cr3* concentration in strut material / mol%

FIGURE 9 Linear and volumetric shrinkage behavior of alumina
and (AICr),05 foams as a function of the Cr** concentration within the
strut material

In the literature, the densification behavior of Al,O5-
Cr,0; solid solutions has been investigated for bulk speci-
mens. 338 Usually, an increasing Cr** content in the samples
resulted in a decrease in densification and shrinkage and the
formation of residual porosity. This has been accounted for
by the vaporization/condensation of Cr,05 and the additional
thermal energy necessary for the diffusion-driven formation
of the (AICr),0;5 solid solution.®® Both effects result in an
increase in porosity as well as reduced densification and
suit well as an explanation for the behavior of the Al,Os-
F-5.0 samples. However, the increase in shrinkage and the
corresponding porosity reduction of the Al,0;-F-1.25 and
Al,05-F-2.5 samples, respectively, have not been expected
and do not fit into this context. Nevertheless, it should be
noted that former sintering studies of Al,0;—Cr,05 ceramics
were focused on samples containing higher amounts of cr’t,
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TABLE 4 Compressive strength, total, ) . )
4 strut ity and cell size (1-CT) of th Total por.  Strut Cell size Compressive Weibull
and strut porosity and cell size (u- of the
P Y H Sample ! % por./ % (CT) / mm strength / MPa modulus m
(AICr),05 foams
AlLO3F-0 904+05 19+18 28=+0.1 0.79 4.0
AlL,O3F-1.25 802+09 20+15 2702 0.59 3.7
ALOsF-2.5 879+14 20x18 27+02 0.76 34
AlL,O;F-5.0 880x+17 18+x17 - 0.56 1.8
92 — 20 —
) —O— total porosity —O— closed strut porosity
- —O— open strut porosity
91
- 15 -
Fo0- *
2 S
= 89 — e 10 —
a a -
3 5
888 —0 5 d
- S -
87 — L
o——————7 71 1 T T T 1 L T T T T T T T T T T
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Cr3* concentration in strut material / at.%

Cr3* concentration in strut material / at.%

FIGURE 10 Total geometric porosity of alumina and (AlCr),05 foams after final sintering at 1,650°C as a function of the Cr** concentration

within the strut material (left); open and closed strut material porosity (right)

in the first instance and no data for samples with Cr,0O5 con-
centrations below 10 mol% exist. Most likely, other processes
and reactions are effective for the samples with 1.25 mol%
and 2.5 mol% Cr>* within this study, which require additional
investigation. Furthermore, the role of a highly porous cellu-
lar structure with a significantly increased specific surface
to bulk volume ratio compared to bulk/dense ceramic parts
remains unclear as well. Most likely, this is relevant with re-
spect to the vaporization/condensation mechanism of Cr,05
and needs additional investigation as well.

In order to evaluate the compressive strength data of the
(AICr),05 foams, the measured data were compared with
alumina reference foams taken from the literature.'® For this,
the Al,O; reference data were fitted with the Gibson—Ashby
relation for brittle, cellular structures (Equation 2, Ref. 40) in
order to get a measure of the significant effect of porosity on
the mechanical strength:

O-Cf = C ) (prel>n : O-fs (2)

The actual modeling of the strength data was performed
using the linearized form of the Gibson—Ashby model (Equation
3) and a double-logarithmic plot of the compressive strength
(o) and relative density data (p,, = 1-P; P: total porosity).
This approach allows a common linear regression analysis'®:

1
O (AlCr),05solid solution Foams
0.5 O aluminareference; Betke 2019
' —— GAfit of reference data
0— ALOsF0 In(a¢) = In(C) + nIn(1-P) + In(oys)
= - C=0.65/n=2.5/ Gts= 400 MPa
o
£051 +g O
s 1 AOrF125
B 17 [ AL-F50
e
5| AuOsF25
-2
-2.5 T T T T T 1
-2 2.2 24 26 2.8 -3 3.2

In(1-P)

FIGURE 11 Gibson—Ashby (GA) plot of compressive strength
data for pure alumina and (AICr),05 foams as a function of total
porosity (P). Data of plain alumina foams (gray) were obtained from
Ref. 16 The regression line corresponds to the linearized Gibson—
Ashby model with a density exponent n of 2.5, a geometry constant
C of 0.65 and a bending strength of pure alumina of 400 MPa

In (O’Cf) =In(C)+n- (prel) +1n <6f5) 3)
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For the geometry parameter C, a literature value of 0.65
was used according to Ref. 40 and the density exponent n
was set to 2.5 in agreement with previous studies of brittle
cellular ceramics.'%*'™* Furthermore, a bending strength of
og, = 400 MPa for alumina in accord with literature data was
used.” Finally, using Equation 3, the compressive strength
of an alumina foam with the same total porosity like the
respective (AlCr),0O5 sample can be calculated for a direct
comparison.

The compressive strength of the (AlCr),0O5 foams is sig-
nificantly lower compared to pure alumina foams (Figure 11,
Table 4). For the Al,O5-F-1.25 and Al,O5-F-2.5 foams, 6 is
reduced by 42%, on average compared to alumina foams at
the same porosity level. For the Al,05-F-5.0 samples, the de-
crease in strength is more pronounced with 57% compared to
alumina. The course of the strength results is in line with the
Weibull modulus m of the foam samples. The Weibull modu-
lus decreases from m = 4.0 for samples without Cr’* to only
1.8 for the Al,05-F-5.0 foams indicating a large variation of
the compressive strength data.

The decrease in strength for Al,05-Cr,05 ceramics with
increasing Cr*" concentration has been observed for bulk
ceramic parts as well,”® at least for higher Cr’* contents of
10 mol% and above. The reason for this is an increase in
the growth rate of the alumina crystallites promoting grain
growth.44 In the finally coarsened microstructures of Cr-rich
Al,05;—Cr,05 ceramics, strength is lowered due to increased
crack propagation. For the Cr-doped foam samples, signif-
icant grain growth has been observed (Figure 12), which
might contribute to the lowering of the mechanical strength.
Nevertheless, for very low chromium doping levels in the
order of 0.5 vol%, which is 0.45 mol%, an increase in the
bending strength as well as the fracture strength of the ob-
tained Al,03;—Cr,05 composites has been reported.*** The
reason for this is a grain-boundary effect: The larger Cr** ions
generate localized compressive stress at the grain boundaries
which effectively hinders crack penetration. This phenome-
non might contribute to the higher compressive strength of
the Al,O5-F-1.25 and Al,05-F-2.5 samples compared to the
Al,05-F-5.0 samples. However, for the latter, the positive
grain-boundary effect of Crtis overlapped by the negative
effects of an increased grain growth.

TECHNOLOGY
FIGURE 12 SEM micrograph
of a cross-section of the pure alumina
strut material (A) and a (AlCr),0; foam
containing 2.5 mol% Cr** (B). For the latter,
significant grain growth is found

In summary, the mechanical properties of (cellular) Al,O5-
Cr,0; ceramics are determined by several effects, which are
governed by the amount of Cr** jons incorporated in the re-
spective corundum phase. For the foam samples within this
work, however, no positive effect of crt doping has been
observed. The compressive strength of (AlCr),0; foams is
40% to 60% lower compared to that of pure alumina foams
with the same porosity level.

4 | CONCLUSIONS

Open cellular ceramic foams were manufactured from un-
doped and cr’ *_doped alumina powders; doping of the start-
ing powders was carried out by a precipitation process of
the chromia precursor compound (NH,)Cr(OH),(CO3) on
the surface of an alumina ceramic powder. The doping with
Cr’*—related to the incorporation into the alumina lattice—
was adjusted between 1.25 mol% and 5.0 mol%, respectively.
The calcination of these powders at 1,000°C lead to a partial
incorporation of Cr’* in the alumina lattice. However, crt
was completely dissolved in a homogeneous (AICr),05 solid
solution with corundum structure during sintering of the
foams at 1,650°C for all Cr’* concentrations.

Chromium incorporation influenced the sintering behav-
ior and the total foam porosity, respectively. Doping with
Cr’**ledtoa significant reduction of the total porosity due to
an increased sintering activity and more pronounced shrink-
age: While undoped samples possess a porosity of 90.4%, the
porosity of doped samples was in the range between 88% and
89% depending on the Cr** concentration. The strut porosity
in the foams is influenced by crt doping less significantly.
Thus, the porosity reduction with increasing Cr** content is
mainly driven by the increased shrinkage.

The compressive strength of the (AlCr),05 foams is lower
than the strength of pure alumina samples—at least when the
specimens are compared at the same total porosity level.

In summary, it can be concluded that the manufacturing
of chromia-alumina foams is possible. Even if there was no
increase in the compressive strength, doping with cr*t may
be a tool for the control of the porosity in cellular ceramics by
adjustment of the material's shrinkage.
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