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A B S T R A C T   

Ta–Al2O3 composite samples with different compositions are prepared using Field Assisted Sintering Technique 
(FAST). Two different alumina powders are used to investigate the influence of the starting powders particle size 
on the microstructural features and the resulting electrical conductivity of the prepared composite materials. 
Percolation threshold of the two material systems is influenced by the metal fraction, as well as the alumina 
particle size of the starting powder. The percolation threshold for the fine- and the coarse-grained alumina is 
found to be at 15 vol.-% Ta and 7.5 vol.-% Ta, respectively. Microstructural investigations show significant 
differences in terms of particle shape of both, Ta and Al2O3 after sintering, most likely being the reason for the 
different percolation thresholds of the investigated materials. Anisotropy effects resulting from the processing 
using FAST and the influence on electrical properties are also shown.   

1. Introduction 

This work is part of an interdisciplinary research group with the main 
objective to develop coarse-grained refractory ceramic-metal compos-
ites and to analyze the corresponding material properties. To achieve 
this goal a two-step process is being proposed: In the first step fine- 
grained powder mixtures are processed to prepare dense and porous 
samples for crushing. The resulting coarse-grained “particles”, which 
already consist of a ceramic-metal composite, are then again processed 
and densified using different pressure-assisted and pressureless sintering 
techniques. The new class of materials is considered to be used as re-
fractories in the foundry technology. Therefore, coarse microstructures 
are of interest due to their creep resistance, their good thermal shock 
resistance due to porosity and the low shrinkage during the final sin-
tering step [1–4]. The improved thermal shock resistance of coarse 
microstructures is a result of a microcrack network. The porosity pre-
vents crack propagation and reduces the Young’s modulus, which is also 
favorable in terms of thermal shock resistance [5,6]. A lot of research is 
done on processing of fine-grained composites, whereas the 
coarse-grained attempt with pre-synthesized particles followed here is 
new in the field of refractories. In this study we analyze the influence of 
particle size of both, the alumina raw powder and different Ta–Al2O3 
material compositions after the first densification step using Field 

Assisted Sintering Technique (FAST) to achieve a basic understanding of 
the microstructure-property relationship with special emphasis on the 
electrical conductivity with respect to the development of direct heat-
able components. Such components are for example considered as 
pre-heatable heatshields in gas turbines, to reduce thermal stresses 
during startup and to increase their durability. State of the art for such 
components like heatshields is mullite containing Al2O3, where the 
decomposition of mullite under reducing atmosphere at 1300 ◦C limits 
the application temperature. The findings of this research are the first 
investigations of processing Ta–Al2O3 using FAST and will be used to 
identify most suitable material systems and compositions for optimiza-
tion of material costs, favorable material density and electrical con-
ductivity, depending on the applicational interests. 

The findings presented in this study are complementary to the 
findings in Ref. [7] and show the effects of replacing refractory metal Nb 
by Ta. Due to its higher melting point, tantalum is considered to be 
suitable for applications with higher thermal stresses compared to 
niobium and therefore allows higher application temperatures of the 
composites. The investigations here show the first approach of field 
assisted sintering of Ta–Al2O3 composites and the investigations of 
electrical conductivity depending on the material composition. 
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2. Experimental 

2.1. Raw materials 

For preparation of the composite materials the following raw pow-
ders are used:  

• Tantalum powder from haines & maassen Metallhandelsgesellschaft 
mbH, Germany,  

• Alumina powder CT9FG from Almatis GmbH in Ludwigshafen, 
Germany, referred to as CT9FG, 

• Alumina powder Alodur WRG from Imerys Fused Minerals Zschor-
newitz GmbH in Gräfenhainichen, Germany, referred to as Alodur. 

The different powders are also used in other publications related to 
this work [1,2,7–11]. Both alumina raw powders differ in particle size 
and are used to investigate the influence of starting powder particle size 
on microstructural and electrical properties. The characteristic particle 
size values d10, d50 and d90 are given in Table 1. According to manu-
facturers the purity of Alodur is stated to be ≥ 99.6% and CT9FG ≥
99.5% with impurities of Fe2O3, Na2O and SiO2. Used Ta raw powder is 
reported to have a purity ≥99.95%. 

Laser scanning and SEM micrographs in Fig. 1 show the differences 
of the used raw powders tantalum, Alodur and CT9FG. Ta shows coarse 
particles with round edges and also a fine-grained fraction in the raw 
powder. Alodur also shows coarse particles but compared to Ta the 
particles edges are sharper and no fine-grained fraction is present. 
Compared to the alumina Alodur, CT9FG shows small particles. In 
addition to the fine particles CT9FG contains agglomerates and aggre-
gates within the raw powder, also visible in Fig. 1. 

The XRD-pattern in Fig. 2 shows that the Ta raw powder has high 
purity and no secondary phases were detected. 

2.2. Sample preparation 

First, Al2O3–Ta-powder mixtures with varying metal content be-
tween 5 and 80 vol.-% Ta are produced from the raw powders. This is 
realized by a dry-mixing process, using a Turbular Tumbler type T2C 
from WAB AG Maschinenfabrik, Basel, Switzerland. 

Then, sample preparation is done using a Field Assisted Sintering 
device type HP D 25/1 by FCT Systeme GmbH, Frankenblick, Germany. 
As described in other publications a big difference of FAST compared to 
conventional sintering is the additional application of axial pressure 
during the sintering process. As a result, even materials that cannot be 
densified using conventional sintering techniques can be processed with 
low remaining porosity after sintering. Another advantage of FAST is the 
possibility of applying high heating-rates of up to several hundred K/ 
min and thus the processing time is reduced significantly [12–16]. The 
working principles and mechanisms as well as the setup and parameters 
used in this work are described in Ref. [7]. 

The samples are heated with a rate of 100 K/min up to 1600 ◦C and 
the temperature was hold for 5 min while at the same time an axial 
pressure of 50 MPa is applied. After the dwell time the pressure is 
released, and the samples are cooled with a rate of 100 K/min to 25 ◦C. 

2.3. Microstructural analysis 

Samples are prepared by grinding and polishing of representative 
cross sections up to a polishing step using diamond suspension with a 
particle diameter of 0.25 μm. The microstructure is analyzed using a 
digital microscope type VHX-6000 and a laser scanning microscope type 
VK-X200, both from Keyence Deutschland GmbH, Neu-Isenburg, Ger-
many. The microstructural findings are then linked to the macroscopic 
properties. 

Density of the samples is measured using Archimedes principle. 

2.4. Electrical conductivity 

After sintering the refractory composite materials are investigated 
regarding their electrical conductivity and their density, depending on 
the composition and the used raw powders. Sample preparation for the 
characterization of electrical properties is described in Refs. [1,7]. For 
the electrical conductivity measurement surfaces of sintered samples 
were ground using 600P SiC paper. After grinding the samples were 
sputter coated with gold using a Quorum Q150T ES and an additional 
layer of PELCO colloidal silver paste was added to ensure a continuous 
electrode over the whole sample surface, also for the porous materials 
investigated here. For anisotropy investigations the samples were cut 
using a cutting device type WOCO 50P by Hommel. After cutting the 
surfaces were prepared as mentioned before. Electrical conductivity 
measurements are performed using a four-point-measurement setup, 
also used and described in Refs. [1,2,7]. 

3. Results and discussion 

3.1. Microstructural analysis 

The results of the density measurements after sintering are shown in 
Fig. 3. As can be seen for the material Ta-CT9FG, densification by FAST 
results in almost dense samples with relative densities in the range of 
98–100%, almost independent of the material composition, except for 
pure Ta which reveals a relative density of 96.2%. 

In contrast to Ta-CT9FG, Ta-Alodur shows a strong dependency of 
the densification behavior on the metal/ceramic ratio. For pure Alodur a 
relative density of 80.1% is obtained. Density constantly increases with 
increasing metal content up to a value of 96.2% relative density for pure 
tantalum. The reduced densification when using the coarse-grained 
Alodur can be explained by the lower sintering activity of the coarse 
alumina particles compared to CT9FG. By increasing the sintering 
temperature, applied pressure and/or dwell time it might be possible to 
achieve higher densities of the Ta-Alodur composites [17]. 

Laser scanning micrographs of the samples Ta-CT9FG and Ta-Alodur 
with a material composition of 20 vol.-% Ta and 80 vol.-% Al2O3 are 
shown in Fig. 4, exemplarily for all compositions with a Ta-content 
between 5 and 80 vol.-%. 

The micrographs show, that the microstructure of the Ta–Al2O3 
composites is strongly dependent on the alumina particle size. The 
bright areas are the refractory metal, Ta. The grey areas correspond to 
the alumina while the darker/black areas are pores as well as remainings 
from the sample preparation process (e.g. breakouts from sample sur-
face, residues of polishing media). 

For Ta-CT9FG, the material shows the Ta-particles to be embedded in 
the fine-grained Al2O3 matrix and separated from each other. Here, a 
coarse-grained, as well as a very fine-grained fraction of Ta is visible in 
the micrographs. 

The material system Ta-Alodur shows different microstructural fea-
tures. Porosity is strongly increased to a value of 11.6% compared to the 
fine-grained alumina CT9FG with a porosity of 1.7% and the Alodur 
particles seem to keep their original shape during the sintering. Also, the 
Ta-particles do not seem to be separated from each other by a sur-
rounding, isolating alumina matrix. The Ta-particles are heavily 

Table 1 
Characteristic particle sizes d10, d50 and d90 of the used raw powders Ta, CT9FG 
and Alodur [7,11].  

Starting powder d10 (μm) d50 (μm) d90 (μm) 

Tantalum 6.0 32.2 68.3 
Alodur 44.8 95.8 162.4 
CT9FG 0.8 4.4 11.9  
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deformed during the pressure-assisted densification process and 
squeezed into the pores between coarse Al2O3-particles. By this, the 
probability of generation of a continuous Ta-network through the 
composite is increased. 

It is also noticeable, that for both material systems, the Ta particles 
seem to be elongated resulting in an anisotropic microstructure. 

Fig. 5 shows representative cross sections of the materials Ta-CT9FG 
and Ta-Alodur for a composition of 40 vol.-% Ta and 60 vol.-% Al2O3. 
The schematic image on the left indicates the orientation of the exam-
ined cross sections relative to the axial pressure direction during the 
FAST process. 

The micrographs in Fig. 5 indicate that the Ta-particles are elongated 
in a direction perpendicular to the axial pressure direction. As a result, 
some kind of texture effect is visible. This finding is important when it 

comes to mechanical as well as electrical properties, potentially leading 
to anisotropic material behavior [13]. 

3.2. Electrical conductivity 

Fig. 6 shows the results of the electrical conductivity measurements 
in combination with the sample densities. Here, the measurement di-
rection is parallel to the pressure direction during FAST. For both 
composites an increase in electrical conductivity with increasing Ta- 
content can be found. For low metal-contents up to 40 vol.-% Ta the 
material system Ta-Alodur shows a faster increase in electrical con-
ductivity compared to the fine-grained system Ta-CT9FG. For higher 
metal contents of 60 and 80 vol.-% Ta the measured values are similar. 

The percolation threshold of Ta-CT9FG is found to be between 12.5 

Fig. 1. Laser scanning micrographs of the used a) tantalum, b) Alodur and c) CT9FG raw powders and SEM micrograph of d) CT9FG agglomerate [7].  

Fig. 2. XRD-pattern of Ta raw powder including reference pattern.  
Fig. 3. Comparison of relative density of Ta-CT9FG and Ta-Alodur composite 
materials with different compositions. 
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Fig. 4. Laser scanning microscope micrographs of Ta-CT9FG (left) and Ta-Alodur (right) with different magnifications (upper and lower micrographs) for a material 
composition of 20 vol.-% Ta and 80 vol.-% Al2O3. 

Fig. 5. Digital microscope micrographs of representative cross-sections of Ta-CT9FG (above) and Ta-Alodur (below) composites with orientation perpendicular to 
the pressure direction. Both materials had a composition of 40 vol.-% Ta and 60 vol.-% Al2O3. 

Fig. 6. Relative density and electrical conductivity of Ta-CT9FG (left) and Ta-Alodur (right) composites with varying metal contents.  
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and 15 vol.-% Ta. Near the percolation threshold the electrical con-
ductivity sharply increases for small increases in metal content and 
stabilizes towards higher Ta-contents. These findings are in good 
agreement with percolation theory [18–23]. 

Ta-Alodur shows a percolation threshold between 5 and 7.5 vol.-% 
Ta, which is a decrease in metal content of about 7.5 vol.-% compared to 
the use of fine-grained alumina starting powder CT9FG. 

In literature it is stated that electrical conductivity is dependent on 
material density, which in case of the investigated materials here does 
not seem to be the predominant factor [24–26]. In this study, the effect 
of particle shape seems to outrun the effect of porosity. According to 
literature, particle shape is another important factor in terms of for-
mation of a conductive network through a composite material. It is 
stated that for increasing aspect ratio of electrically conductive particles 
within an isolating matrix, the percolation threshold decreases. This 
seems to be the predominant factor in case of Ta-Alodur, due to the 
deformation of the Ta-particles during the FAST-process resulting in 
higher aspect ratios and an increasing generation of an electrically 
conductive network [18–21,23]. The most important factor in terms of 
electrical conductivity still is the amount of conductive phase in the 
composite material, in this case the volume content of refractory metal 
tantalum. 

In addition to the deformation of the Ta particles during densifica-
tion, a texture can be seen in the microstructure with particles elongated 
perpendicular to the axial pressure direction during FAST. Therefore, 
the electrical conductivity was measured in three different directions 
relative to the applied pressure direction. The results are shown in Fig. 7. 

The results reveal for all material compositions and both material 
systems a slightly smaller electrical conductivity along the a-axis, 
compared to the b- and c-axis. 

This anisotropy is important and must be considered as design 
parameter for composite components for which a specific conductivity is 
required in the application. 

4. Summary 

Ta–Al2O3 composites were successfully processed using Field Assis-
ted Sintering Technique (FAST). For a given Ta-content, it could be 
shown that the particle size of the alumina raw powders had a significant 
influence on microstructural development and electrical conductivity. 
The relative densities of fine-grained Ta-CT9FG composites were found 
to be almost independent of the Ta-content with >98% for all investi-
gated samples, while the relative densities of Ta-Alodur composites 
constantly increased from 82% for the sample with 5% Ta to 95.2% for 
sample with 80% Ta. 

There were also pronounced differences in the percolation: the fine- 
grained Ta–Al2O3 composite revealed the threshold for compositions in 
the range of 12.5–15 vol.-% Ta, in contrast to the coarse-grained Ta- 
Alodur composites which showed a reduced threshold between 5 and 
7.5 vol.-% Ta. The reduction of percolation threshold can be attributed 
to a change in aspect ratio of the Ta particles as a result of FAST pro-
cessing as evidenced by microstructural images. It indicates the forma-
tion of a metal network within the coarse-grained composite at lower 
metal contents compared to the fine-grained composite. Both material 
systems show an increase of electrical conductivity with an increase in 
metal content. 

The microstructural analysis shows an anisotropy due to the applied 
axial pressure during densification. Ta particles were deformed and 
elongated in a direction perpendicular to the axial pressure direction. 
This anisotropy resulted in slightly smaller electrical conductivities 
parallel to the pressure direction, compared to electrical conductivities 
measured in directions perpendicular to it. The influence of anisotropy 
on percolation threshold has to be considered in terms of electrical 
conductivity of the composite materials and therefore will be part of 
future investigations. Also, passivation layers and interfacial reactions, 
as published in Refs. [27,28] are part of ongoing research. 

The results are the basis to design a novel class of porous and heat-
able refractory composites with tailored microstructures and electrical 
conductivities prepared by a two-step processing route. For example, 
materials with high density are of interest for the preparation of dense 
composite particles by crushing to create designed microstructures for 
specific applications by re-sintering of the crushed particles. In addition, 
analysis of the percolation threshold found the lowest amount of metal 
needed to establish electrical conductivity, making it possible to create 
the most cost-efficient material by reducing costs of raw materials, in 
this case the tantalum. 
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Fig. 7. Electrical conductivity of Ta-CT9FG (above) and Ta-Alodur (below) 
composites with different Ta-contents in different measurement directions 
relative to axial pressure direction during FAST process. a-axis (blue) parallel, 
b- (red) and c-axis (orange) perpendicular to pressure direction. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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the work reported in this paper. 
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