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1. Introduction

Refractory ceramics, i.e., alumina and spinel, are widely used as
linings in metallurgical applications. These materials need to
withstand harsh chemical and physical environments. Besides
chemical corrosion of refractories in contact with liquid metals,
lining refractories are altered by thermal shock due to crack
initiation and crack growth on thermal cycling. By using

mixtures of refractory powders and
pre-sintered aggregates up to a few
millimeters in size, the extent of pores
and pore networks has been adjusted in
such materials, which improves the ther-
mal shock resistance. Further improve-
ments can be achieved by increasing the
thermal conductivity and toughness of
the material, and reducing the effective
temperature difference by, e.g., electrical
preheating of the material, which therefore
needs an electrical conductivity. For this,
coarse-grained refractory composites based
on alumina–niobium or alumina–tantalum
can be used[1] that show promising high-
temperature properties.[2] In addition, by
using pre-sintered refractory aggregates,
the shrinkage on sintering can be drasti-
cally reduced in comparison to powder

sintering. With that, monolithic refractory compounds can be pro-
duced using castable technology.[3] Concerning the high cost and
density of the refractory metals, the proposed refractory compo-
sites should be used only for the functional parts in refractory com-
pounds, e.g., used as an electrical heater or as electrical conductive
material to control wettening of melts on refractory linings.[4] In
addition, the metal content that satisfies the functional demand
should be as low as possible.
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Niobium-alumina composite aggregates with 60 vol% metal content and with
particle sizes up to 3150 μm are produced using castable technology followed by
sintering, and a crushing and sieving process. X-Ray diffraction (XRD) analysis
reveals phase separation during crushing as the niobium:corundum volume ratios
is between 37:57 and 64:31 among the 4 produced aggregate classes 0–45, 45–500,
500–1000, and 1000–3150 μm. The synthesized aggregates are used to produce
coarse-grained refractory composites in a second casting and sintering step. The
fine- and coarse-grained material shows porosities between 32% and 36% with a
determined cold modulus of rupture of 20 and 12MPa, and E-moduli of 37 and
46GPa, respectively. The synthesized fine-grained composites reached true strain
values between 0.08 at 1100 °C and 0.18 at 1500 °C and the coarse-grained ones
values between 0.02 and 0.09. The electrical conductivity for the fine-grained and
the coarse-grained material is 448� 66 and 111� 25 S cm�1, respectively.
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The feasibility to produce niobium–alumina aggregates and
their usage in coarse-grained refractory composite castables
was shown in our former work.[5] Aggregates up to 3mm were
produced by a crushing and sieving process of casted and sin-
tered fine-grained composite material with a composition of
65 vol% niobium. It was demonstrated that the most critical
parameter of the composite’s properties is the porosity, which
is for castables directly related to their water demand to achieve
a vibrational-assisted- or self-flowability.

In this work, the influence of reduced water contents on casted
refractory composite properties is discussed. Properties are com-
pared with the formerly produced material[5] to show the influ-
ence of material selection and castable design.

2. Experimental Section

2.1. Composite Design Principles

By applying the principles 1) ‘limit the influence of impurities on
materials properties’ and 2) ‘limit the change of influencing
parameters in comparison to our formerly synthesized casta-
bles[5]’ for material selection and castable design, the following
constraints were defined. First, it was decided not use to organic
additives for fine-grained castable mixtures to reduce the chance
of carbide formation on sintering due to the presence of residual
carbon related to a non-oxidic atmosphere on heat treatment.
Therefore, only hydratable alumina was used as a binder additive
and no organic-based dispersion additives were used for the syn-
thesis of the fine-grained composite. The latter are normally used
to control rheological behavior and water demand of the aqueous
castable.[3,6]

In addition, preliminary experiments showed that the alumina
source has a strong influence on the metal–ceramic microstruc-
ture formation on sintering, which can be related to the chemis-
try, morphology, size, or porosity of the used powder particles.
Keeping this in mind, only one alumina source was used for the
fine-grained composite and only one other was used as fine-filler
and sinter-active alumina for the coarse-grained mixture as
already used before.[1,5] Referring to,[6] the castable can be classi-
fied as a cement-free one aiming at self-flowing or vibrational-
assisted casting.

The second principle was set for the demand of comparison of
refractory composite properties with former synthesized com-
pounds.[5] The recipe of the coarse-grained composite was, there-
fore, only slightly adjusted by additionally using a dispersing
agent to reduce the water demand of the castable but the same
binder system was used.

These design principles were creating some drawbacks related
to the water demand and packing density of the aggregates of the
castable and the porosity content of the sintered compound,
which must be properly adjusted for a certain application.
However, as this work aims at the general feasibility of refractory
composite synthesis and base characterization of the material
system without a certain application in mind, possible design
drawbacks of the castables were accepted to study the influence
of water content and material selection.

2.2. Composite Synthesis

Aggregates were synthesized with an intended niobium amount
of 60 vol% as follows. First, fine-grained castable mixtures were
produced according to the listed recipes in Table 1 from raw
materials (with determined particle sizes and chemistry as given
in Table 2). Powders of niobium (EWG Wagner, Germany), the
alumina CT9FG (Almatis, Germany), and the hydratable
alumina binder Alphabond 300 (Almatis, Germany) were
first dry mixed for one minute using an Eirich mixer
(Gustav-Eirich Maschinenfabrik, Germany) followed by wet mix-
ing for four minutes with step-wise water addition until almost
self-flowability was achieved. This mixture was then filled in steel
molds with dimensions of 25mm� 25mm� 150mm by vibra-
tional-assisted casting. After setting at room temperature for
48 h, the samples were demolded and dried for 24 h at 130 °C
in air atmosphere. Afterward, the prisms were sintered at a tem-
perature of 1600 °C for 4 h under a flowing argon atmosphere,
which was purified by glowing magnesium chips. A furnace with
a graphite inlay and graphite tools (Xerion, Germany) was used
for sintering. Its chamber was evacuated three times and back-
filled with argon before starting the heat treatment.

Two fine-grained castable batches were prepared––the first
with a water content of 43 vol% and the second with 36 vol%,
which are declared here as “fine-w43” and “fine-w36”, respec-
tively. It should be noted that a few important parameters were
different for these two batches due to constraints related to our
laboratory setups. The fine-w43 samples were produced at room
temperatures of 16–18 °C, whereas the second sample series was
produced more close to standard room temperature at 20–21 °C.
The temperature plays an important role in agglomeration of fine
powders and the wettening behavior. It has, therefore, a strong
influence on particle packing and final properties. In addition,

Table 1. Castable recipe for the fine-grained composite. The powder
contents are given for the solid fraction, whereas the water content is
given for the aqueous mixture.

Sample Material Massing Amount

in mass% in vol%

Niobium 1499.1 76.5 60.0

Solids CT9FG (alumina) 451.5 23.0 38.8

Alphabond300 (binder) 9.9 0.5 1.2

Fine-w43 Water 225.9 10.3 43.3

Fine-w36 Water 166.8 7.8 36.1

Table 2. Determined particle sizes of the used raw materials and their
chemistry.

Material Particle size in μm Purity Main impurities

d10 d50 d90 dmax

Niobium 9.1 30.8 64.9 99.95 wt% Nb O, C, Ta

CT9FG 2.0 5.5 20.6 99.5 wt% Al2O3 Na, Fe, Si

CL370 0.2 0.5 5.8 99.7 wt% Al2O3 Na, Si, Fe, Ca

Alphabond300 4–8 30 88 wt% Al2O3 (min) Ca, Na, Si
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two different vibrating tables were used that also influence the
setting of the powder particles during the casting process.

After sintering, the synthesized fine-grained prisms of batch
“fine-w43” were broken and crushed using a jaw crusher
(BB50, Retsch, Germany) with jaws made from hard metal
(92% WC–8% Co). The jaws were moved with a speed of
650min�1 using gap widths of 5, 3, 2, and 1mm. After each
crushing step, the crushed material was sieved into the four
aggregate classes 0–45, 45–500, 500–1000, and 1000–3150 μm.
Only the particles larger than 3150 μm were used in the next
crushing step. It should be mentioned that the material of our
finest aggregate class 0–45 μm was only obtained as residuals
from the jaw crushing process, no further milling of coarser
particles was done.

A selection of the synthesized composite aggregates was then
used to produce an aqueous castable mixture, which was after-
ward casted, rested, dried, and sintered in the same way as the
fine-grained material. The production route can be schematically

visualized as follows. Casting: fine-grained composite���!1600 °C

crushing: composite aggregates! casting���!1600 °C
coarse-grained

composite.

2.3. Characterization

To evaluate our refractory composite in relation to technology
parameters, physical and chemical properties were studied.

2.3.1. General Material Properties

Shrinkage, the envelope density, and porosity were determined
on sintered prisms. For the latter two properties, the water-based
Archimedes principle was used according to DIN EN 993-1:2019-
03. Elastic constants were determined by the ultrasonic proce-
dure (UKS-D device, GEOTRON-ELEKTRONIK, Germany)
according to DIN EN 843-2:2006.

The electrical conductivity of the fine- and coarse-grained com-
pound was determined on cutting cylinders in the same way as
described before.[5]

The particle size distribution of the synthesized aggregate clas-
ses 0–45, 45–500, and 500–1000 μm was determined using laser
granulometry (Bettersizer S3 plus, 3P Instruments GmbH & Co.
KG, Germany) and for the aggregate class 1000–3150 μm, it was
determined by sieve analysis using sieves with mesh sizes of
2000, 2240, 2360, 2500, and 2800 μm. The aggregate’s skeleton
density and porosity were determined using mercury intrusion
porosimetry (AutoPore V 9600, Micromeritics Instrument Corp.,
USA) according to DIN ISO 15 901-1:2019-03.

2.3.2. Microstructure and Phase Assemblage

Cutted pieces of the composite samples were embedded in
EpoMet embedding compound (Buehler, Germany), ground to
SiC grit P4000, and subsequently polished with 3 and 1 μm dia-
mond suspension. Final polishing was performed using a colloi-
dal SiO2 suspension.

Electron microscopy imaging and electron backscatter diffrac-
tion (EBSD) were performed using a Zeiss Auriga 60 dual-beam

scanning electron and focused ion beam microscope (Carl Zeiss
AG, Germany) equipped with a backscatter electron (BSE)
imaging detector, an EDAX octane silicon drift detector for
energy-dispersive X-Ray spectroscopy (EDS) and an EDAX
DigiView EBSD camera. EDS and EBSD were performed at
20 kV. Phase segmentation was performed with a self-
programmed MATLAB script using BSE images recorded at
different contrast levels. Areal phase fractions are considered
to correspond to volume fractions due to isometry and isotropy
of the microstructure.

The phase assemblage of the synthesized aggregates was stud-
ied by XRD (Empyrean, Malvern Panalytical GmbH, Germany)
in combination with Rietveld refinement using HighScore Plus
4.8 (Malvern Panalytical B.V., the Netherlands) based on crystal-
lographic information from the Inorganic Crystal Structure
Database (ICSD) (FIZ Karlsruhe GmbH, Germany). XRD
measurements were done using Cu-Kα1 radiation between
15 and 140° 2Θ with 0.0143° step size and an explosion time
of 160 s/step.

2.3.3. Mechanical Testing

The cold modulus of rupture (CMOR) of the synthesized fine-
and coarse-grained composite prisms was determined on the
basis of DIN EN 993-6:1995-04 using a universal testing machine
TIRAtest 28 100 (TIRA GmbH, Germany). To achieve a uniform
distribution of bendingmoment, four-point bending setup with a
support span of 125mm, a load span of 62.5 mm, a pre-load of
20 N, and a loading rate of 150 N s�1 was applied. For these
measurements, the composite prisms were used as fired and
mounted so that the two almost parallel side planes of the prisms
were connected with the support spans.

Quasi-static compression tests were performed to investigate
the mechanical behavior of the synthesized fine- and coarse-
grained refractory composite materials. The cylindrical speci-
mens with a diameter of 12mm and a height of 20mm were
drilled from sintered prisms. The compression tests were per-
formed by an electromechanical, high-temperature testing
machine (Z020, Zwick Roell, Germany) with a protective gas
chamber (Maytec, Germany) integrated into the testing machine.
The tests were conducted at four different temperatures
(RT, 1100, 1300, and 1500 °C) with an initial strain rate of
7.5� 10�4 s�1. To prevent the oxidation of the testing speci-
mens, the test chamber was evacuated to 0.7 mbar vacuum
and then filled with argon gas twice. After the evacuation process,
the compression tests were performed under argon atmosphere
and ambient pressure to reduce the possibility of oxidation of the
testing specimens. The presence of oxygen was controlled by an
O2 sensor (Stange Elektronik, Germany). The heating of the
specimens was carried out inductively via a medium-frequency
induction generator (Hüttinger HF 5010, Germany) with a heat-
ing rate of 30 K s�1 and a water-cooled copper coil. The tempera-
ture was measured by a pyrometer (Sensortherm Metis MS09)
with a wavelength of 0.9 μm and an emission coefficient of
0.93. Two susceptor plates between the upper and lower parts
of the specimen and the load punches as well as a susceptor cage
housing the specimens of an molybdenum–titanium–zirconium
alloy TZM were used to ensure a homogenous temperature

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 24, 2200296 2200296 (3 of 13) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202200296 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [07/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


distribution within the refractory composite specimens. Before
heating, the lower piston was moved upward with a speed of
0.1mmmin�1 to apply a preload of 5 N onto the testing speci-
mens. After reaching the testing temperature, the specimens
were kept twenty minutes under the preload to acquire a homo-
geneous temperature distribution throughout the testing speci-
mens. The tests were stopped when the testing machine had
reached the maximum strain measurement value. Boron nitride
was used as a lubricant to minimize friction between the TZM
susceptor plates and the specimen (front and end faces).

3. Results

3.1. Fine-Grained Composite

Figure 1 shows scanning electron (SE) micrographs of the
sintered fine-w43 composite. It can be seen that the rawmaterials

of alumina and niobium powders as well as pores, which are
resulting from the casting process, were homogeneously mixed.
In Figure 1b, a few niobium particles can be identified that con-
tain grains of NbO. The latter was already present as an impurity
phase in the raw material.

EDSmaps were recorded at lowermagnification (Figure 2) and in
a magnified section (Figure 3) indicated by a red rectangle. Figure 3
permits a clear distinction of the element distributions in theNb-rich
particle and how they compare to the secondary electron contrast in
Figure 3a. The difference in SE contrast of the regions marked “Nb”
and “NbO” in Figure 3a and in the contrast difference in Figure 3c,d
clearly indicate a variation in Nb and O concentrations. The EDS line
scan shown in Figure 4 was performed along the red line placed in
Figure 3a at a scan width of 2 μmand indicates the absence of Al and
an almost 1:1 ratio of Nb and O. Hence, this phase is identified as
NbO. The blue arrows in Figure 3a and 4 indicate the phase bound-
ary between Nb and NbO.

(a) (b)

Figure 1. Backscatter electron (BSE) micrographs of the fine-grained composite “fine-w43” at different magnifications. Niobium and corundum appear in
bright and dark gray contrast, respectively, with pores in black.

Figure 2. a) Scanning electron (SE) micrograph and energy-dispersive X-Ray spectroscopy (EDS) mapping analysis of: b) Al K, c) O K, and d) Nb L. The
red rectangle indicates the region displayed in Figure 3. All images are taken at the same position and magnification.
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EBSD patterns in Figure 5were recorded for crystallographic iden-
tification of the phases present in the composite in the region
detailed in Figure 3, including the area labeled NbO. The assigned
crystal structures are provided in the figure caption and prominent
zone axes are labeled according to the orientation determined by
the EBSD software. In agreement with the elemental distributions
obtained in Figure 2 and 3, the presence of NbO with the cubic
crystal structure (space group 221, a ¼ 0.4211 nm, NbO prototype)
was confirmed besides the major phases niobium and corundum
of the composite.

3.2. Synthesized Composite Aggregates

3.2.1. Morphology and Particle Size Distributions

The obtained characteristic particle sizes d10, d50, and d90 of
the four aggregate classes are listed in Table 3. In comparison
to the previously synthesized material,[5] the characteristic
particle sizes were very similar for the aggregate classes 0–45
and 500–1000 μm. The particle sizes of the aggregate class
45–500 μm of this work were more narrowly distributed than
the ones of the formerly produced material as it is reflected
by a d90 of 129 μm in comparison to d90 ¼ 325 μm for the old
composite fraction.[5]

Figure 6 shows the particle size distributions in comparison to
the ones reported in our previous work.[5] In all aggregate classes
up to 1000 μm, a certain amount of very fine particles with
0.1 ≤ d ≤ 0.5 μm was always present. Above 1 μm, the particle
size distributions were bimodal for the aggregate classes 0–45
and 45–500 μm as shown in Figure 6a,b, respectively. The first
maximumwas clearly detectable between 5 and 10 μmwhereas the
second one was always close to the respective d90 value. It should be
noted that the first distribution maxima of this work were much
more pronounced as compared to the previously reported ones.
In contrast, the determined particle size distribution of the aggre-
gate class 500–1000 μm is almost the same in both cases. The par-
ticle sizes were assumed to be linearly distributed between 1000
and 3150 μm in Ref. [5] The determined distribution of this work
showed the same trend up to particle sizes of �2000 μm. Above
and until 2500 μm, a slightly pronounced minimum was reached,
followed by a strong increase indicating that a large amount (25%)
of particles were obtained in the sieve fraction 2800–3150 μm.

Figure 3. Close-up view of the top-left region in Figure 2 with: a) SE micrograph and EDS mapping analysis of: b) Al K, c) O K, and d) Nb L. e) Quantified
EDS line scan along the red line placed in (a). The blue arrow indicates the location of the phase boundary in (a).

Figure 4. Quantified EDS line scan along the red line placed in a). The blue
arrow indicates the location of the phase boundary in Figure 3a.
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3.2.2. Density and Porosity

Table 4 lists the determined values of density and porosity of the
synthesized fine- and coarse-grained compounds as well as of the
aggregates. With lowering the water content of the fine-grained
castable, the open porosity of the samples was lowered by 4% to
32.3%. In comparison, the determined porosities of the sieve
fractions 1000–3150 and 500–1000 μmwere 32–33% very similar
to the bulk values, whereas the porosity increased to 48% and
42% for the finer aggregate fractions 45–500 and 0–45 μm,
respectively. The skeleton density of the aggregates was spread
between 5.336 g cm�3 for 45–500 μm and 6.486 g cm�3 for
1000–3150 μm, which indicates differences in chemistry among
the aggregate classes.

3.2.3. XRD Analysis

Rietveld analysis of the used niobium and CT9FG powder
revealed the presence of several impurity phases. Figure 7 shows
an enlarged part of the diffraction pattern of the niobium raw
material. Beside niobium (95.2 vol%, #ICSD-76 416[7]) reflec-
tions, the ones of Nb2C (2.5 vol%, #ICSD-31 973[8]) and NbO
(1.8 vol%, #ICSD-14 338[9]) are clearly visible. The remaining
reflections can be allocated with Nb4C3 (#ICSD-42 758[10]),
Nb4N3 (#ICSD-76 389), and Nb6C5 (#ICSD-63 503). These
phases amount to less than 1 vol% of all phases.

The only detectable impurity phase in the used corundum
source was Na2O⋅11Al2O3 1.3 vol%, #ICSD-15 970[11]), which
is known as β-alumina. The corresponding diffraction pattern
is shown in Figure 8.

The Rietveld analysis of the four aggregate classes showed that
phase separation occurred during the crushing of the fine-
grained material. The volume ratios of niobium:corundum were
57.2:37.1, 37.1:57.3, 63.8:30.6, and 55.8:39.4 for the aggregate
classes from 0–45 μm to 1000-3150 μm. The two secondary
phases NbO and β-Nb2C[13] were present in the aggregates. In
addition, two different niobium and β-Nb2C phases were
observed due to their respective differences in lattice parameters,
which can be related to different chemistries of the respective
niobium and β-Nb2C phases. As an example, the diffraction pat-
tern of the aggregate class 500–1000 μm is shown in Figure 9. It
should be noted that most of the impurity phases of the raw
materials vanished or transformed during heat treatment under
the used argon- and CO2/CO-containing atmosphere. More
details and a deeper discussion of the XRD results are given
elsewhere.[14]

3.3. Coarse-Grained Castable Recipe

The particle size distribution of solid mixtures was characterized
by a cumulative sum curve or cumulative percent finer than
particle size d CPFT(d).

CPFTmod�DFðdÞ ¼ 100% ⋅
dnðdÞ � dnðdÞmin

dnðdÞmax � dnðdÞmin

(1)

using the particle-size dependent distribution modulus as
defined in[15] to

nðdÞ ¼ nmin þ d ⋅
nmax � nmin

dmax
(2)

where nmin and nmax are the minimum and the maximum
distribution modulus, respectively. For pure alumina-based
castables, nmin ¼ 0.28 and nmax ¼ 0.8 were found to give the best
properties in terms of flowability, density, and pore sizes.[16]

Therefore, our coarse-grained castable mixture (see Table 5)
was designed to achieve these values as close as possible, depend-
ing on the determined particle-size distributions of each aggregate
class. The relative density and CPFT of our mixture can be
seen in Figure 10a,b, respectively. The determined values of
the achieved distribution moduli were nmin ¼ 0.2727ð25Þ and
nmax ¼ 0.678ð20Þ.

Table 3. Determined characteristic particle sizes of the synthesized
aggregate classes.

Aggregate Particle size in μm

Class d10 d50 d90

0–45 μm 0.3 15.0 49.1

45�500 μm 2.6 44.0 129.0

500�1000 μm 269.2 496.0 717.4

1000�3150 μm 1208.6 2054.1 2996.7

Figure 5. Indexed electron backscatter diffraction (EBSD) patterns of the three phases Nb (W prototype, space group 229), -Al2O3 (corundum prototype,
space group 167), and NbO (NbO prototype, space group 221).
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Table 4. Determined values of shrinkage; the envelope density ρb and the open porosity πa according to DIN EN 993-1:2019-03, the skeleton density ρS
and the porosity ε according to DIN ISO 15 901-1:2019-03 of the synthesized aggregates as well as the sintered fine-grained and coarse-grained
composites. If applicable, values are given as mean value � standard deviation.

Shrinkage Archimedes MIP XRD

ρb πa ρS ε ρb ρ

in % in g cm�3 in % in g cm�3 in % in g cm�3 in g cm�3

Fine-w43 2.65� 0.29 4.27� 0.11 36.31 � 1.37

Fine-w36 2.09� 0.12 4.46� 0.14 32.26� 0.91

Aggregate fraction from fine-w43

0�45 μm 6.035 41.74 3.516 6.796

45�500 μm 5.336 48.31 2.758 5.883

500�1000 μm 6.408 32.75 4.310 7.087

1000�3150 μm 6.486 31.84 4.421 6.692

Coarse-grained composite 0.79� 0.21 4.18� 0.04 34.29� 0.56

(a) (b)

(c) (d)

Figure 6. Comparison of determined particle size distributions of this work with the ones reported in Ref. [5]: a) 0–45 μm, b) 45–500 μm, c) 500–1000 μm,
and d) 1000–3150 μm.
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In our recent work on a 65 vol% metal-containing
niobium-alumina composite,[5] distribution moduli of
nmin ¼ 0.2716ð30Þ and nmax ¼ 0.295ð24Þ were obtained due to
material limitations. The lower nmax value in comparison
to the one of this work is due to the lower amount of aggregates
with particle sizes larger than 1000 μm. The differences in the
particle size distributions between our recent mixture[5] and
the current one can be seen in Figure 11. The latter had
fewer particles with 200 ≤ d ≤ 1000 μm than in Ref. [5], which
resulted in a particle size distribution much closer to the
intended one.

Figure 12 shows the particle size distributions for the particle
range≤ 200 μm of the fine- and coarse-grained castable mixture.
In case of the fine-grained mixture (Figure 12a), most of the alu-
mina particles (CT9FG) were in the range of 1–10 μm. For the
coarse-grained mixture, the alumina source CL370 (consisting
of 1.5 vol% β-alumina) was used additionally, which added a
significant amount of very fine particles with d ≤ 1 μm to the
powder blend (Figure 12b). Together with the very fine part of the
composite aggregates, the amount of particles with d ≤ 1 μm
summed up to 8.7 vol% for the coarse-grained mixture in
comparison to 2.1 vol% for the fine-grained one. These very fine
particles were the most active component during the sintering
process and did therefore most influence microstructure forma-
tion and final mechanical properties.

3.4. Coarse-Grained Composite

After sintering, the open porosity of the compound samples was
determined to be �34% (see Table 4), which is within the
range of the two investigated fine-grained composites. Using
pre-sintered aggregates in the coarse-grained castable lead to a
shrinkage of only 0.8% in comparison to 2.1–2.7% of the
fine-grained composites (see Table 4).

The microstructure displayed in Figure 13 was more hetero-
geneous in comparison to the fine-grained sample shown in
Figure 1. It comprised several crushed granule regions appearing
in bright BSE contrast, separated by dark channels of
fine-grained alumina. Pores can be detected in the regions high

Table 5. Coarse-Grained castable recipe. Amounts of powders and the
synthesized aggregates were calculated for the solid content only. The
amount of water was calculated for the mixture of solidsþwater.

Material Density Mass Amount

in g cm�3 in g in mass% in vol%

Niobium 8.46 149.9 4.62 2.14

0�45 μm 3.516 32.6 1.01 1.12

45�500 μm 2.758 656.2 20.24 28.74

500�1000 μm 4.310 643.6 19.86 18.04

1000�3150 μm 4.421 1433.5 44.22 39.16

CL370 (alumina) 4.013 250.6 7.73 7.54

Alphabond300 (binder) 2.781 75.1 2.32 3.26

Water 1 258.5 7.39 23.79

Castament VP95L 9.7Figure 7. X-Ray diffraction (XRD) pattern of the niobium raw material
with marked reflections for the phases niobium (#ICSD-76 416[7]),
Nb2C (#ICSD-31 973[8]), NbO (#ICSD-14 338[9]), Nb4C3 (#ICSD-
42 758[10]), Nb4N3 (#ICSD-76 389), and Nb6C5 (#ICSD-63 503).

Figure 8. XRD pattern of the main corundum source CT9FG with
marked reflections for the phases corundum (#ICSD-73 725[12]) and
Na2O⋅11Al2O3 (#ICSD-15 970[11]).

Figure 9. XRD pattern of aggregate class 500–1000 μm with marked
reflections for the phases niobium (#ICSD-76 416[7]), corundum
(#ICSD-73 725[12]), β-Nb2C,[13] and NbO (#ICSD-14 338[9]).
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(a) (b)

Figure 10. a) Particle size distributions of the used castable components as they contribute to the castable’s particle size distribution (calculated sum
distribution); b) CPFT of the particles of the coarse-grained castable together with the results of the fit using the modified Dinger–Funk distribution model
(see Equation (1)).

(a) (b)

Figure 11. Comparison with the castable mixture reported in Ref.[5] a) Particle size distributions ; b) CPFT of the particles of the coarse-grained castable.

(a) (b)

Figure 12. Particle size distributions of the two castable mixtures for 0–200 μm: a) fine-grained and b) coarse-grained.
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in alumina and partially show bright charging contrast resulting
from the embedding compound.

Figure 14 depicts a phasemap obtained by segmentation of BSE
images recorded at different contrast levels. This representative
section of the microstructure exhibits the agglomeration of Nb

(red) particles of a few microns up to above 100 μm in size, sur-
rounded by fine alumina particles (blue). The porosity in the image
amounted to about 30%; NbO was present as a minority phase.

XRD/Rietveld analysis of the powdered coarse-grained com-
posite (see Figure 15) showed a slightly increase of secondary
phases during the second sintering step in comparison to the
fine-grained material. The β-Nb2C content increased to 5.5 vol%
and NbO was present with �3 vol%.

3.5. Comparison of Mechanical Properties and Elastic
Constants of the Fine- and Coarse-Grained Composites

Boxplots of the determined values for the synthesized fine- and
coarse-grained samples of the elastic constants E, G, and ν can be
seen in Figure 16 and the ones for CMOR in Figure 17, the cor-
responding median values are listed in Table 6. The values of
Young’s modulus and shear modulus of the fine-grained castable
samples with the lower water content were, respectively, 42 and
17 GPa �10% larger than the ones for the mixture with the
higher water (and higher porosity) content. However, these
values were roughly fifty percent of the ones determined
for our last composite with 65 vol% niobium.[5] Interestingly,
E and G increased further by 10% in case of the coarse-grained
compound reaching 45.5 and 18.5 GPa, respectively, which
are very similar to the ones of the former coarse-grained
composite.

In contrast, the cold modulus of rupture was the highest for
the fine-grained mixture with the high water content and lowest
for the coarse-grained sample.

3.6. High-Temperature Compressive Strength

Figure 18 shows true stress versus true strain curves of the
fine-w43 and the coarse-grained composite materials obtained
under compressive load at four different temperatures and at
a strain rate of 7.5� 10�4 s�1 (depicted from[17]). As seen in
Figure 18a, the fine-grained material reached at room tempera-
ture (RT) the highest ultimate compressive strength but failed in
a brittle manner. However, at elevated temperatures, the material
exhibited ductile behavior at decreasing flow stress. Thus, a com-
pressive strain of 0.10 and 0.18 was obtained at 1300 °C and

(a) (b)

Figure 13. BSE micrographs of the coarse-grained composite at different magnifications. Niobium and corundum appear in bright and dark contrast,
respectively.

Figure 14. Phase segmentation from BSE imaging based on grey level
binarization. The phases Nb, -Al2O3 and NbO, and porosity are indicated
by red, blue, yellow, and black color, respectively.

Figure 15. XRD pattern of the coarse-grained refractory composite with
marked reflections for the phases niobium (#ICSD-76 416[7]), corundum
(#ICSD-73 725[12]), β-Nb2C,[13] and NbO (#ICSD-14 338[9]).
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1500 °C, respectively. Figure 18b shows the true stress versus
true strain curves for the coarse-grained composite at the same
temperatures and strain rate. It is obvious that higher flow
stresses at lower plasticity were obtained for the coarse-grained

material compared to the fine-grained material. Thus, true
strain values of only 0.03 and 0.09 were reached at 1300 °C
and 1500 °C. Nevertheless, the coarse-grained material achieved
higher strength and failed not completely in a brittle manner, as a
plasticity of about 9% was observed at higher temperatures.

Table 7 shows the yield stresses and rupture stresses (in MPa)
obtained at a strain rate of 7.5� 10�4 s�1 for the fine- and coarse-
grained composite. The compressive yield stresses of the fine- and

(a)

(c)

(b)

Figure 16. Determined elastic constants: a) E, b) G, and c) ν for the two fine-grained composites and for the coarse-grained one.

Figure 17. Determined values of the cold modulus of rupture for the fine-
and coarse-grained composite samples.

Table 6. Determined median values of the elastic constants Young’s
modulus E, shear modulus G, and Poisson’s ratio ν (32 fine-grained
“w43”, 14 fine-grained “w36,”, and 8 coarse-grained samples) and of
the four-point bending strength σ of the sintered fine-grained (22
samples “w43” and 14 ones “w36”) and coarse-grained (2 samples)
composites.

Elastic constants CMOR

E in GPa G in GPa ν σ in MPa

Fine-w43 37.1 15.0 0.241 19.5

Fine-w36 41.8 16.7 0.246 15.5

Coarse-grained 45.5 18.5 0.226 11.8
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coarse-grained composite materials show a pronounced yet
expected dependence on the temperature at a constant strain rate.
The yield stresses achieved by coarse-grained composite materials
are significantly higher compared to fine-grained materials at all
temperatures. The difference in the yield stresses between coarse-
and fine-grained materials can be related to different porosities.[17]

3.7. Electrical Conductivity

The electrical conductivity of the fine-grained composite fine-w43
was determined to 448� 66 S cm�1 and for the coarse-grained
one to 111� 25 S cm�1. These values are one magnitude of order
larger than those of the previously investigated fine-grained
composites with 65 vol% Nb synthesised from powder mixing
and pressing.[5] Using castables for composite synthesis resulted
in a more homogeneous microstructure without pronounced
anisotropy effects. Even with 32–36% open porosity, the compo-
sites with �60 vol% Nb showed electrical conductivities only two
orders of magnitude below the reported ones of pure niobium.[18]

The decreased electrical conductivity of the coarse-grained
material in comparison to the fine-grained one can be related
to higher porosity and a slightly lower metal content due to
the additional alumina binder content.

4. Conclusions and Outlook

The temperature had a strong influence on the water
demand of the fine-grained castables, which was reduced by
8 vol% by increasing the mixing temperature by �3–4 K. With
needing less water, the open porosity was lowered by 4%

reaching 32%, which is still much more than the usual
10–20% of refractory castables. To further increase the density
of the fine-grained castables, their packing density must be
improved by using a larger amount of fines to fill pores with
a diameter less than 10 μm.

Comparing the mechanical properties of the fine-grained and
coarse-grained samples revealed larger values in yield stress at all
investigated temperatures for the coarse-grained ones. For both
composites, the determined open porosity was almost the same
with �35 vol%, differences were arising from composition in
terms of chemistry and aggregate types. It can be concluded that
the higher amount of highly sinterable particles with d ≤ 1 μm
resulted in a stronger bonding between the particles on a micro-
scale without changing overall density. This positive bonding
effect seems to be much stronger than negative effects related
to porosity as shown by the determined values of elastic constants.
With lowering the water content of the fine-grained castable mix-
ture, the open porosity decreased by 4% and the values of Young’s
modulus and shear modulus increased by �10%. These two elas-
tic constants increased even by �20% in the case of the coarse-
grained composite despite the porosity being only 2% lower than
the one of the fine-grained mixture with the higher water content.

The arrangement of pores and pore networks was also relevant
besides the absolute value of porosity. They were much more
homogeneously distributed for the fine-grained composite in
comparison to the coarse-grained one. This leads to a smaller
failure probability in compression tests and to larger achievable
strain values, which is also reflected by the results of the four-
point bending measurements.

The mechanical strength of coarse-grained material will be
further improved by using more dense aggregates, which will
be synthesized by cold isostatic pressing and sintering or using
field-assisted sintering technique that resulted in our material
in porosity values of 25% and 5%,[19] respectively. However, in
contrast, the porous material can be used to reduce internal
stress due to its ability to show strain values up to 25%.[17]

For this fpurpose, it is planned to investigate layered materials
based on layers of alumina and niobium-alumina composite,
respectively.

(a) (b)

Figure 18. True stress–true strain curves of: a) fine-grained and b) coarse-grained specimens under compressive load for four temperatures depicted
from.[17]

Table 7. Yield stresses or rupture stress (in MPa) obtained at a strain rate
of 7.5� 10�4 s�1 for the fine-w43 and the coarse-grained composites.

Sample RT 1100 °C 1300 °C 1500 °C

Fine-w43 48.9 29.7 16.4 6.5

Coarse-grained 80.3 40.2 23.4 9.3
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