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Filled cobalt-antimony based skutterudites have proven themselves as very promising thermoelec-
tric materials for generator applications in an intermediate temperature range between 400 and
800 K due to their high figure of merit. Besides the functional thermoelectric properties also the
skutterudites’ mechanical properties play an important role to withstand external mechanical and
internal thermomechanical loads during operation. Properties of interest are hardness as well as
fracture toughness and resistance to fatigue. Carbon nano tubes are well known for their high
tensile strength and may therefore be used to increase the mechanical strength of composite mate-
rials. Additionally, the thermoelectric properties of the composite material might benefit from the
high electrical conductivity of carbon nano tubes and increased phonon scattering at interfaces
between matrix and carbon nano tube. A main precondition for benefiting from embedded nano-
tubes is to achieve a homogeneous distribution of the CNTs and good adhesion between carbon
nano tube and matrix material. In this work we present the influence of the introduction of multi-
walled carbon nano tubes on the thermoelectric and mechanical properties of p-type skutterudites
Ceq.14Lag0sC0,Fe,Sby,. The influence of different carbon nano tube concentrations and preparation
routes on the resulting composite material’s thermoelectric, mechanical and microstructural prop-
erties is studied. A reduction of electrical and thermal conductivity as well as fracture strength is
observed with increasing carbon nano tube content which is attributed to strong agglomeration of
the nano tubes. The results underline the pivotal role of a homogeneous distribution of the carbon
nano tubes for improving the mechanical properties of skutterudites.

Keywords: Thermoelectricity, Skutterudites, Carbon Nano Tubes, Thermoelectric Properties,
Mechanical Properties.

1. INTRODUCTION

Thermoelectric energy conversion with skutterudites as
one of the most promising thermoelectric materials enables
the direct conversion of heat into electricity.' This tech-
nology therefore has great potential in waste energy recov-
ery and in increasing the efficiency of many industrial
processes to reduce primary energy consumption and CO,
emissions.* The thermoelectric functional properties are
described by a material’s Seebeck coefficient S, electri-
cal conductivity o and thermal conductivity . These can
be summarized in the thermoelectric figure of merit Z7.

*Author to whom correspondence should be addressed.
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Of equal importance for applications using these materials
are the mechanical properties such as hardness, Young’s
modulus or yield strength.’

Skutterudites are typically hard and brittle which might
result in abrupt complete failure of a skutterudite based
thermoelectric generator during operation.”-® High brittle-
ness is typical for most thermoelectric materials. There-
fore, improving the fracture behavior is a major task
common for many thermoelectric materials. One approach
to achieve this, is combining skutterudites with micro
or nano scaled fibers or ceramic inclusions to hin-
der crack growth or even bridge cracks.” Additionally,
these inclusions can also potentially be beneficial for the
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thermoelectric properties by altering the microstructure
of the material, thus—for example—Ileading to increased
phonon scattering and consequently reduced thermal
conductivity.®#

Wan et al. reported enhanced thermoelectric and
mechanical properties of p-type CeFe,Sb,, skutterudite
compounds due to short carbon nanofibers.” They achieved
a homogeneous distribution of these fibers in the skut-
terudite matrix and observed a strong increase of the
composite’s fracture toughness. Due to their extraordinary
mechanical properties and nano scale, carbon nano tubes
(CNT) have the potential for composite materials with
even better properties.'>!® Here separation and dispersion
of the CNTs is a main issue due to the strong Van-der-
Waals interaction between the CNTs resulting in the for-
mation of agglomerates.'” "

Ren et al. report strongly increased mechanical strength
and good thermoelectric properties in bismuth antimony
telluride with carbon nano tubes.® Several publica-
tions describe increased Seebeck coefficients and reduced
thermal conductivity in composites of thermoelectric
materials—mainly tellurides—and carbon nano tubes.?'=*

In this work we present two different routes to disperse
multi-walled carbon nano tubes in a skutterudite matrix
material and investigate the thermoelectric and mechanical
properties of the resulting composites. The results show
that CNTs have a good potential for increasing the ther-
moelectric performance even if the CNTs are not fully
homogeneously dispersed in the matrix, while increased
mechanical stability can only be achieved if the nano tubes
are well dispersed and embedded in the matrix material.

2. EXPERIMENTAL DETAILS

Cerium and lanthanum were chosen as filler elements.
Both have proven themselves as very promising fillers.?~>
Furthermore, cerium and lanthanum with ratios close to
2:1 are the main constituents of the cheap and readily
available so called “Mischmetall,” which might be an inter-
esting option as filler in skutterudites for mass market TE
applications. Thus, for this work elements (Ce, La, Fe,
Co, Sb) of purity 5 N were weighed according to the
stoichiometry Ce, 4La,,Co,Fe,Sb,, under argon atmo-
sphere and then sealed in evacuated quartz ampoules. The
high iron content was chosen in order to achieve high
hole concentrations and thus good electrical conductivity.
The material was then molten in a rocking furnace for
2 hours at 1150 °C before quenching in water. Afterwards,
the ingots were annealed inside the quartz ampoules for
seven days at 650 °C. The material was then ground and
sieved to achieve powder particles smaller than 50 um.
A BeckmanCoulter LS§13320 particle analyzer was used to
determine the particle size distribution in the powder and
a Siemens Bruker D5000 powder XRD system (Cu Ka
radiation) plus Fullprof software was used for phase iden-
tification and refinement.?® All composite and reference
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samples were prepared from the same powder batch to
avoid any misleading variations and effects of composition
or particle size distribution.

Commercial multi-walled carbon nano tubes “Baytubes
C70 P” were used in this work. These nano tubes are
>95 wt% pure CNTs with inner and outer diameters of 4
and 13 nm, respectively, and a length of >1 um. Two dif-
ferent routes were chosen for mixing the nano tubes and
skutterudite powder: first, the CNTs were ground together
with the skutterudite powder by hand in an agate mortar
(“pestle-only preparation”). This route involves minimal
mechanical stress to the CNTs thus keeping their origi-
nal length and surface. Second, CNTs were suspended in
Ethanol at 60 °C. Ultrasonic treatment was used for ten
minutes to break any agglomerates, while after five min-
utes the skutterudite powder was added to the suspension.
The chosen duration of ultrasonic treatment was found
to be sufficient to break agglomerates and short enough
to avoid severe mechanical damage to the CNT walls."
The mixture was then dried at 60 °C in a furnace. Sam-
ples prepared by this route will be nominated “ultrasonic
preparation.”

CNT concentrations of 0.5, 1.0 and 1.5 wt% in the
skutterudite matrix were prepared by each preparation
route. The composite material was then sintered under vac-
uum at 550 °C with a current assisted short-term sinter-
ing approach using a “Dr. Fritsch DSP-510SE” sintering
machine.”” Samples of 12.7 mm diameter and 1.5 mm
thickness were prepared for thermoelectric measurements.
Furthermore, samples of 15.0 mm diameter and 4.0 mm
thickness were sintered for mechanical characterization.
Those samples were later cut into cubes of 4 x 4 x 4 mm?
for compression tests and bars of 2 x 4 x 15 mm? for bend-
ing tests.

Room temperature scans of the Seebeck coefficient on
the original ingot and sintered samples were performed
using a Potential and Seebeck Microprobe (PSM) to check
the material’s homogeneity.*® The temperature dependent
thermal conductivity k was measured with a Netzsch LFA
427. Archimedes’ principle was used to determine the sam-
ple density, and Dulong-Petit’s law for calculating the heat
capacity (0.235 J/gK). The CNT contribution to the heat
capacity is neglected due to their small contribution at
the investigated concentrations. The temperature depen-
dent Seebeck coefficient S and electrical conductivity o
were measured concurrently using a custom-built measure-
ment device.’! To obtain information on the stability of the
material’s functional properties, all three properties were
recorded during the heating and cooling phase of the mea-
surement cycles. Measurement errors are assumed to be
8%, 2% and 5% for k, o and S, respectively. The 5%
error of S mainly accounts for accuracy and thus a poten-
tial absolute error of the measured values due to systematic
errors. Repeatability of the Seebeck coefficient measure-
ment is better allowing the identification of smaller dif-
ferences between samples.’? Hall measurements at room
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temperature were performed on a custom-built measure-
ment device using van-der-Pauw geometry.

Vickers hardness measurements using an indentation
force of 0.49 N were performed at room temperature on
polished samples and averaged over 50 indentations, 25 on
each side of the sintered pellets. Uniaxial compression
tests were performed at room temperature on cubes of
4 x 4 x 4 mm? using an Instron 5966 machine at 0.5 mm/s
and a travel sensor attached to the sample holder. Fur-
thermore, 4-point-bending tests were performed at room
temperature using the same machine.

Scanning electron microscopy plus EDX was used to
investigate the microstructure on polished samples as well
as fracture surfaces resulting from the mechanical tests.

3. RESULTS AND DISCUSSION

Before mixing with CNTs, the skutterudite powder has a
broad particle size distribution with significant volumetric
contributions of particles in the size range from 0.7 to
70 pum (see Fig. 1). The short grinding together with the
CNTs in the pestle-only route has no significant influence
on the particle size distribution.

The XRD measurements shown in Figure 2 reveal
secondary FeSb, and Sb phases. No publication on the
filling and solubility limits of Ce and La double-filled
skutterudites are known to the authors. Therefore, a high
Fe content and moderate filling was chosen to achieve high
hole concentrations and thus good electrical conductivity.
Based on publications on Ce or La single-filled skutteru-
dites, the observed formation of precipitates might indi-
cate that the chosen amount of iron might be above the
solubility limit of Fe in CoSb; at the given rare earth
filling.?>-3%3* EDX/SEM measurements indicate a compo-
sition of Fe, ,Co,,Sb,, in the skutterudite phase and sec-
ondary phases with compositions Fe,3Co,,Sb, and pure
antimony in precipitates of 1 to 10 um in size. As no lan-
thanum or cerium rich phases were detected, it is expected
that both elements are dissolved in the skutterudite phase
as filler atoms. This cannot be resolved by EDX due to the
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Figure 1. After grinding the skutterudite powder has a broad particle

size distribution with particle sizes ranging from 0.7 wm to 70 wm.
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Figure 2. Comparison of XRD powder diffraction patterns of pure
CoSb; skutterudite (top) and Ce, ,La, ,Fe,Co,Sb,, powder used in this
study (bottom). Arrows indicate peaks of secondary phases, mainly FeSb,
and Sb and potentially minor amounts of CoSb,.

low concentration of lanthanum and cerium in the skut-
terudite phase.

As can be seen in Figure 3, except for one all sin-
tered samples have relative densities above 97%. Here,
the theoretical density was calculated as weighted aver-
age between skutterudite and CNT, assuming an aver-
age of 9 walls for each CNT.» Agglomeration of CNTs
is expected to significantly reduce the density, as these
agglomerates contain a loose network of CNTs with empty
spaces in between, which will not be filled by the skut-
terudite powder during sintering. As can be seen, samples
sintered from the powder subject to ultrasonic treatment
tend to have slightly higher densities thus indicating bet-
ter dispersion and embedding of the CNTs in the skut-
terudite matrix of these samples. Still, large agglomerates
of CNTs in the size range up to 0.8 mm can be seen
on all samples after polishing. These large agglomerates
are also visible as spots with low Seebeck coefficient in
room temperature surface scans of the Seebeck coefficient
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Figure 3. Density of all sintered samples. The dashed line indicates
the theoretical density calculated for the CNT-skutterudite-composites;
numbers indicate the relative density of the sintered samples based on
this theoretical density. Densities exceed 97% of the theoretical density
in all samples except for the sample containing 1.5 wt% CNT prepared
by pestle-only preparation.
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Figure 4. Distribution of the room temperature Seebeck coefficients on
the surface of a sample containing 1.0 wt% CNT prepared by ultrasonic
preparation. The sample is macroscopically homogeneous with small
fluctuations on a micrometer scale. Blue areas indicate differently sized
agglomerates of CNTs.
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(Fig. 4). Furthermore, these scans proof that apart from
these agglomerates all samples are homogeneous, as exem-
plary displayed in Figure 4 for the 1.0 wt% CNTs ultra-
sonic preparation sample.

As can be seen in Figure 5, the Seebeck coefficient
is positive and increases with temperature in all samples.
This behaviour is expected as iron acts as electron acceptor
in CoSb; based skutterudites.*®*” Furthermore, all sam-
ples are stable during the measurements, as can be seen by
the nearly perfect match of the data recorded during heat-
ing and cooling phases of the measurement cycles. The
carbon nanotubes lead to an increase of the Seebeck coef-
ficient, which appears independent of the CNT concentra-
tion and preparation route. This is in good agreement to
similar findings by Ren et al. in thermoelectric compos-
ites of Bij,Sb, (Te; with CNTs and by Truong et al. in
MnSi, ,5sGe, o, based CNT composites.?*3#

To further investigate the electronic effects Hall mea-
surements were performed at room temperature on the ref-
erence sample and both samples containing 0.5 wt% CNT.
Results are listed in Table I. Apparently, the addition of
CNTs leads to a slight increase of the measured carrier
concentration accompanied by a strong reduction of the

Table I. Room temperature Hall data of reference sample and both
samples containing 0.5 wt% CNTs.

Carrier concentration Carrier mobility

Sample [10%* cm~3] [em?/Vs]
Reference sample 2.6 30.1
0.5 wt% CNT, pestle-only prep. 4.9 11.8
0.5 wt% CNT, ultrasonic prep. 4.6 12.0

carrier mobility by 60%. While the increase of the car-
rier concentration would be expected to result in decreased
Seebeck coefficients, this effect is overcompensated by the
strong mobility reduction. Still, these values have to be
handled with care as the samples with CNTs are obvi-
ously not homogeneous and thus Hall measurements are
influenced by both components (skutterudite matrix, CNT
agglomerates) and their geometric structure.

In agreement with the Seebeck coefficient’s temperature
dependence, the electrical conductivity is monotonically
decreasing with increasing temperature in all samples. This
is typical of highly doped semiconductors and a con-
sequence of reduced mobility with increasing tempera-
ture. Independent of the preparation route the addition of
CNTs leads to a reduction of the electrical conductivity.
This effect is strongest for the samples with highest CNT
content (Fig. 6). This reduction is strongest at low tem-
peratures, thus effectively reducing the temperature depen-
dence of the electrical conductivity. A similar behaviour
was also observed by Itoh et al., when adding fullerene to
a skutterudite matrix, and indicates scattering of carriers
at grain boundaries/CNTs.?* While the Seebeck coefficient
is only affected by CNTs well dispersed and embedded
in the matrix, the electrical conductivity is additionally
sensitive to the large agglomerates: in these agglomer-
ates the CNTs are rather loosely bound and not well
connected to the skutterudite matrix. Thus, they behave
similar to pores with regards to the electrical conductiv-
ity. The CNT concentration dependent component of the
reduction of the electrical conductivity is thus probably
a consequence of the large visible CNT agglomerates in
the samples; similar to findings in composites of CoSb,
and Cg, fullerene.*” Additionally, a potentially constant
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Figure 5. Temperature dependent Seebeck coefficient of samples prepared by pestle-only (a) and ultrasonic preparation (b). Seebeck coefficients rise
with temperature; the addition of CNTs leads to a constant increase of the Seebeck coefficient independent of preparation route and CNT content.
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Figure 6. Temperature dependent electrical conductivity of samples prepared by pestle-only (a) and ultrasonic preparation (b). The conductivity
decreases with temperature; the addition of CNTs leads to a concentration dependent reduction of the conductivity. No dependence on the preparation

route is visible.

concentration of dispersed CNTs in the matrix in all
samples causes an equal reduction of the electrical conduc-
tivity in all samples. These CNTs influence the microstruc-
ture and form additional barriers at grain boundaries, thus
reducing the electrical conductivity via increased carrier
scattering and a reduction of the carrier mobility.?*3® This
approach of two separate effects would explain the big dif-
ference when going from 0 wt% to 0.5 wt% CNT, where
both effects set in, compared to the small differences in
the steps from 0.5 to 1.0 and 1.0 to 1.5, where the amount
of dispersed CNTs in the matrix stays unchanged and thus
a further reduction of the conductivity is caused by an
increasing number of large agglomerates only.

SEM images taken on fresh fracture surfaces support
this assumption. As can be seen in Figure 7, CNTs are not
only found in large agglomerates (dark strips in Fig. 7(a)),
but also as individual nano tubes or small networks of
nano tubes at the grain boundaries within the skutterudite
matrix (Fig. 7(b), lower left corner).

The conductivity of all samples increases slightly during
the measurement cycle. Additional cycling during repeated
measurements leads to no further changes in the electri-
cal conductivity. This could be an indication of ongoing
sintering in these samples at elevated temperatures dur-
ing the first measurement. Still, no correlation between the

amount of this conductivity change and the relative den-
sity of the samples is visible. Close investigation of the
measured Seebeck coefficient values reveals, that values
measured during the cooling phase of the measurements
are slightly lower than during heating. Together with the
observed change in electrical conductivity this indicates a
slight increase of the charge carrier concentration during
measurements, potentially as a result of changes in the
phase composition or evaporation of antimony at higher
temperatures.

As a result of the increased Seebeck coefficient and
decreased electrical conductivity, the power factor oS? is
slightly reduced with increasing CNT content in the sam-
ples (Fig. 8). Again no significant difference between the
two different preparation routes is visible.

Figure 9 displays the measured thermal conductivity of
all samples. The thermal conductivity is nearly tempera-
ture independent at lower temperatures indicating a strong
phonon scattering caused by the filler atoms. Above 350 °C
the thermal conductivity increases in all samples, which is
usually associated to bipolar contributions. In both prepara-
tion routes a strong initial reduction of the thermal conduc-
tivity is observed when increasing the CNT content from
zero to 0.5 wt% and a further, yet weaker reduction when
increasing the CNT content to higher values. The effect

Figure 7. SEM images of fracture surfaces. Dark, elongated structures indicated by arrows in image (a) are agglomerates of CNTs forming layers
perpendicular to the pressure during sintering in a 1.5 wt% CNT pestle-only sample. One such large agglomerate is visible as dark area spanning from
the upper left to lower right corner in image (b), indicated by the red arrow. Furthermore small networks of CNTs at grain boundaries are indicated by

blue arrows in the lower left corner of image (b).
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Figure 8. The temperature dependent power factor oS* is slightly
reduced upon the addition of carbon nanotubes as a result of the strong
reduction of the electrical conductivity.

appears very similar in both preparation routes. An excep-
tion is the 1.5 wt% pestle-only sample. Its very low thermal
conductivity is attributed to the significantly lower den-
sity compared to all other samples (see Fig. 3). In analogy
to the explanations for the observed electrical conductiv-
ity, here again the reduction of the thermal conductivity
might be a result of two individual contributions: first the
phonon scattering by additional interfaces introduced by
CNTs dispersed along the grain boundaries in the skutteru-
dite matrix, and second pore-like structures on large scales
due to CNT agglomerates.?- 384!

The reduction of the thermal conductivity is much
stronger than of the electrical conductivity. This might be
explained by anisotropy: the uniaxial pressure during sin-
tering leads to rather flat, disc-like agglomerates of CNTs
in a plane perpendicular to the mechanical pressure (see
Fig. 7(a)). While the electrical conductivity measurement
is done in parallel to these planes, thermal conductivity
is measured cross plane. The barrier function of the large
agglomerates (“pores”) is naturally stronger for transport
cross plane than in plane. Unfortunately, the measurement
setups and sample geometries do not allow measurements
in the respective other directions in order to compare elec-
trical and thermal conductivity values measured in the
same direction. Thus, the strong increase of the thermo-
electric figure of merit Z7T with increasing CNT content

0.5 . . - "
—— reference
04 ——0.5wt% CNT's ]
' —— 1.0 wt% CNT's
—— 1.5 wt% CNT's
0.3 1
=
N
0.2 1
0.14 —— pestle-only prep. |
----- ultrasonic prep.
0 100 200 300 400 500
T[°Cl

Figure 10. The thermoelectric figure of merit Z7 is increased upon
addition of carbon nano tubes. Still, the influence of anisotropy on the
measurement of the electrical and thermal conductivity has to be taken
into account. Error bars result from the individual errors of the S, o and
K measurement.

shown in Figure 10 has to be taken with care and might
be overestimated.

The influence of CNTs on the mechanical properties
of the skutterudite composite material was investigated at
room temperature by Vickers indentation, uniaxial com-
pression and 4-point-bending tests. Results of these mea-
surements are listed in Table II.

Hardness values are in good agreement with values for
skutterudites without CNTs published elsewhere.*> The
addition of CNTs leads to a reduction of hardness, com-
pressive and flexural strength. This reduction is strongest
for the samples with highest CNT content, whereas no
significant difference between both preparation methods
can be observed except for the hardness values. This
observed reduction of the mechanical strength is due to
the formation of CNT agglomerates within the skutterudite
matrix, effectively resulting in a porous material. Further-
more, the plane like agglomerates act as slip planes and
planes in which cracks can easily propagate, thus lead-
ing to sample fracture already at low mechanical loads.*’
These results demonstrate the pivotal role of good dis-
persion and embedding of the CNTs within any host
material to actually benefit from the tensile strength of
the CNTs. 204

2) 4.0/ pestle-dnly —e—reference | —=—heating| | ®) 4.0 UIWSO"IiF o reference | —e—heating |
preparation | _s— g 5 wt% CNT's| —o— cooling preparation | —e— 0.5 wtt CNT's| —— cooling
3.5 s 1.0 wi% CNT's _a 3.5 & 1.0 wt¥% CNT's|
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1.5 : 7 1 1.5 |
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Figure 9. The addition of carbon nanotubes leads to a reduction of the thermal conductivity in both pestle-only (a) and ultrasonic preparation (b).
The effect is stronger than in the electrical conductivity probably due to anisotropy caused by the layered structure of CNT agglomerates.
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Table II. Room temperature mechanical properties of the pure
Cey 4La, 0sCo,Fe,Sby, skutterudite sample (“reference”) and CNT com-
posites measured by Vickers indentation, uniaxial compression and 4-
point-bending tests.

Vickers Compressive Flexural Bending
CNT content hardness strength strength  modulus
Sample wt% HVO0.05 MPa MPa GPa
Reference 0 576+52  6304+20 105+10 44+£8
sample
Pestle-only 0.5 5454+60  370%15 58+8 35+7
prep.
1.0 563+85  320%15 5447 39+8
1.5 569+70 255410 45+£5 33+10
Ultrasonic 0.5 513+£52 355+15 65+7 40%6
prep.
1.0 460+£72  380%15 74+8 4346
1.5 437485  200+£10 606 4246

4. CONCLUSIONS

Composites of skutterudites with carbon nano tubes have
been prepared by mixing both components by grinding
and by dispersion in an ultrasonic bath plus subsequent
short term sintering. Although both preparation routes
disperse a certain amount of CNTs at the grain bound-
aries within the skutterudite matrix, a considerable amount
of the CNTs forms large agglomerates. While the dis-
persed CNTs lead to an increase of the Seebeck coefficient
and increase carrier and phonon scattering, the agglom-
erated CNTs mainly act similar to pores and thus not
only strongly reduce electrical and thermal conductivity,
but also considerably weaken the composite material’s
mechanical strength. This proofs the pivotal role of the
separation and a homogeneous distribution of carbon nano
tubes in a skutterudite host material in order to achieve
mechanical strengthening. Furthermore, the results indi-
cate the potential improvement of the thermoelectric prop-
erties in these skutterudites. A possible route to reduce
agglomeration and improve dispersion might be function-
alization of the CNTs and more intense mixing of skut-
terudite and CNTs in a ball-mill. Furthermore, the results
presented here indicate that low CNT concentrations of
0.5 wt% or less might be favorable.
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