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Abstract

Dense boronrich boron carbides were reactive sintered by hot pressing at 2050 °C using elementary boron—carbon compositions with carbon contents
of 9.1, 11.1, 13.3 and 18.8 at.%. The following material characteristics are presented: relative density, SEM images, EDX, X-ray diffraction and
corresponding lattice parameters, Seebeck coefficient, electrical conductivity and thermoelectric power factor. Significant grain growth has been
obtained with increasing boron content. A deeper understanding of the boron and carbon reaction and the overall sintering process is gained by
thermal and chemical analysis in combination with X-ray diffraction. Additionally a thermal experiment with boron and carbon layers illustrates
the solid state diffusion behaviour. The found results of boron carbide properties of this paper correspond with results by other authors. The aim
is to correlate technological aspects of sintering procedure with material properties. This should help to improve the thermoelectric efficiency of

boron carbide based materials.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of thermoelectric materials for direct conversion of
thermal energy into electrical energy is physically linked with a
low efficiency. Additionally critical availability and high costs of
conventional thermoelectric semiconductors (tellurides) inter-
fere with an economic use of thermoelectric converters. Boron
carbide is known as a high temperature resistant thermoelec-
tric material.' > Werheit et al.’ did show a ZT of about 0.25 at
1200 K and a thermal stability up to 2000 K. The ZT of boron car-
bide is expected to increase more from 1200 K up to 2000 K.
Theoretically, a high efficiency of the energy conversion can
be anticipated for boron carbide at temperatures >1200 K (Eq.
(1)). The availability of boron carbides is much better than
that of established thermoelectric materials such as tellurides or
antimonites. But the low thermoelectric performance for tem-
peratures <1200 K requires some effort in material development
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before boron carbide becomes a promising candidate for thermo-
electrics. A better understanding of the reactive sintering process
of commercially available boron and carbon powders can help
to raise the thermoelectric properties to a higher level and save
cost for material manufacture.

The efficiency of the energy conversion is related to the
thermoelectric degree of efficiency known as the thermoelec-
tric figure of merit ZT=S?0T/k and the Carnot efficiency
nc = (T, — T,)/Ty. The theoretical efficiency 7 can be calculated
according to”:

VI+ZT =1
n=nc
VIFZT +T./Ty

with the thermoelectric properties: Seebeck coefficient S, electri-
cal conductivity o, thermal conductivity «, hot side temperature
T}, cold side temperature T, and mean temperature 7. The power
factor $%o is alternatively used to describe the thermoelectric
quality of a material.

While Wood and Emin' and Aselage et al.” suggest polaron
hopping as the predominant conduction mechanism in the
boron carbides, Werheit™© describes the electronic transport in
the boron carbides as a superposition of band-type and hopping-
type conduction. Boron carbide is a good p-type thermoelectric
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Fig. 1. Section of the hypothetical B4C structure with the lattice parameters a
and ¢ (CBC chains displayed magnified).

material at high temperature. Thermoelectric applications
generally need well matching p- and n-type legs. One long
standing problem for boron carbide was the lack of a good
n-type counterpart. During the last decades, various inventive
attempts have been made to obtain a matching n-type boron
cluster counterpart.” Potential state of the art n-type candidates
are homologous rare earth boron carbonitrides®” and yttrium
aluminium borides. '’

Boron carbide exhibits a wide homogeneity range from 8.8
to 18.8 at.% carbon content.!! The hypothetical B4C structure
(Fig. 1) consists of only B1;C icosahedra and C—B—C chains.
According to Werheit, the boron carbide structure has no explicit
unit cell.’ The structure consists of a certain mixture of Bjs
and B1;C icosahedra and C—B—C, C—B—B and C—vacancy—C
chains in dependence of the carbon content.” According to the
bipolaron model favoured by Aselage and Emin, boron carbides
are icosahedral borides that exist as a single phase.” Here, boron
atoms primarily replace carbon atoms within chains, C—B—C to
C—B—B with increasing boron content from B4 3C to B3C,.2
Further increase of boron content replaces the carbon in the
chains C—B—B to B—B—B from B13C; to B 5C.” The bipolaron
density peaks at B13C,.”

2. Materials and methods

Commercially available amorphous boron and graphite pow-
der were used to produce boron carbide (Table 1).

2.1. Compositions and sintering parameters

Four compositions of amorphous boron and graphite
(Table 2) were prepared by ball milling (PM4000, Retsch,
Germany) using liquid phase sintered silicon carbide balls, iso-
propanol and about 0.1 wt.% of an organic dispersant (KV 5151,
Zschimmer & Schwarz GmbH & Co KG, Germany).

The mass of the abrasion of the silicon carbide balls reaches
about 0.7 wt.% of the starting powder mass. Hence, the abrasion
of the silicon carbide balls caused an additional contamination

Table 1
Raw material characteristics.

Amorphous boron Graphite

Product name Amorphous Boron Graphit-Pulver

Grade 1 Feinst 4

Manufacturer H.C. Starck, Fuchs Lubritech
Goslar, Germany GmbH, Dohna,

Germany

Powder purity” (Minimum) 95 wt.% 99.5 wt.%

H,O soluble® 0.2 wt.% -

H,0; insoluble?® 1.0 wt.% -

Moisture® 0.5wt.% -

Ok 2.2 wt.% -

N¢ 0.4 wt.% -

Mg* 0.8 wt.% -

dio 0.5 pm 1.8 pm

dso 1.5 om 52 pm

doo 4.6 pm 11.2 pm

2 Originated from data sheet of manufacturer.

of the compositions with silicon, carbon and small amounts of
aluminium (sintering aid of the silicon carbide balls). Every fur-
ther specimen was sintered from one of these four compositions.
The carbon content of initial weight cc (Table 2) is calculated
according to:

MGraphite PGri\phiIe/MCarbon (2)

cc =
(mGraphitc . PGraphitc/MCarbon) + (mA Boron * PA Boron/ MBoron)

Each corresponding powder masse m is multiplied by the
powder purity P (Table 1) and divided by the molar mass M.
Hence, the carbon content of initial weight relates only to the
sum of carbon and boron atoms. The powder impurities and the
abrasion of the silicon carbide balls from milling are neglected
for this consideration.

The carbon content of the prepared compositions was chosen
according to the homogeneity range of the boron carbide phase
(8.8-18.8 at.% carbon''). 9.1 at.% carbon were chosen instead
of 8.8 at.% carbon to avoid residual boron in the sintered com-
pacts with high certainty. Thermal analysis was done with excess
carbon (20 at.%).

The Sintering parameters are shown in Table 3. The graphite
die was coated by a thin film of boron nitride to impede carbon
and boron diffusion between sintering compact and die.

During the sintering process boron and carbon react exother-
mically to boron carbide:

xB + C - B,C (3)

Table 2
Amorphous boron—graphite — compositions and their carbon content of the
initial weight.

Carbon content of the
initial weight (at.%)

Composition number Stoichiometry

1 9.1 BioC
2 11.1 BgC

3 13.3 Bi3C
4 18.8 B43C
Thermal analysis 20.0 B4C
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Table 3

Sintering parameters.

Sintering temperature (°C) 2050

Sintering technique Hot pressing

Press model, manufacturer HPW200, FCT System
Atmosphere Argon

Pressure (MPa) 50

Heating rate (K/min) 10

Holding time (min) 60

Cool down (K/min) 10

Either the boron carbide formation results directly in the final
superstoichiometric boron carbide or a temporary boron—carbon
compound is formed which incorporates more boron after the
primary formation of boron carbide according to Eq. (4):

yB + B:C — By,C )

An experiment was designed to investigate the interactivity
of boron and carbon based on diffusion. This experiment was
performed by using boron powder as it is used for boron car-
bide synthesis (Table 1) in combination with graphite disks. The
boron powder is filled in a graphite tool which is coated with
boron nitride to prevent strong interactions and contains already
a graphite disc on the bottom. A second graphite disc is put onto
the boron powder so that it is placed between the two discs.
The tool is heated up to 2050 °C in the hot press furnace under a
pressure of 50 MPa. The heating up rate was 10 K/min. The sam-
ple is hold at maximum temperature for 60 min. After cooling
down the sample is removed and small specimen of the interlayer
B—C together with graphite and boron sections are prepared for
FESEM and EDX analysis.

2.2. Geometries and analyses

The powder compositions were sintered to tablets of 30 mm
diameter and 7.5 mm height. The tablets were mechanical pol-
ished and cut into the geometries, which are required for the
different characterisation methods planed (Fig. 2).

The high temperature measurements were performed in inert
atmosphere (argon or nitrogen) to avoid oxidation of boron car-
bide.

In order to study the reaction process of the sample during
sintering, thermogravimetric analysis (TG), differential ther-
mal analysis (DTA) and differential thermogravimetric analysis

20x4 x4

20x4 x4

20x5x0,5

Fig. 2. Location of specimen geometries in a tablet, all dimensions in millime-
tres.

(DTG) were carried out on a powder with 20 at.% carbon content
using a Netzsch STA 449 F1 thermal analyser at a temperature
up to 1800 °C in Argon.

The composition of the hot pressed sample with 11.1 at.%
carbon content of initial weight was determined via chemical
analysis by the ESK Ceramics GmbH & Co. KG (Germany).
The chemical analysis included an alkaline fusion with titrimet-
ric determination of the boron content. The carbon content was
determined by burning under oxygen with an infra-red detector.
Oxygen and nitrogen were determined by carrier gas hot extrac-
tion. The free carbon content was determined by wet-chemical
oxidation with iodine/chromium sulphuric acid at 80 °C and
coulometric detection of carbon dioxide. Further elements were
determined via DC-ARC-OES.

The microstructure of sintered specimens was characterised
by field emission scanning electron microscopy (ULTRA 55,
CARL ZEISS, Germany) equipped with an energy dispersive
X-ray detector (EDX). Samples for microscopy were prepared
from residual parts of sintered pellet (Fig. 2).

The phase analysis was carried out by X-ray diffraction with
Cu K, radiation (A=1.54 A) (D8 ADVANCE, Bruker AXS)
using the plane surface of the mechanical polished tablets.

To determine the lattice parameters of the samples the sin-
tered specimens were milled to powder and mixed with 10 wt.%
of silicon as standard reference material. The silicon reflexes
were used to correct the Bragg angle. Rietveld analysis was
performed using the software TOPAS (Bruker AXS).

The Seebeck coefficient was determined on specimens with
the size of 20 mm x 5 mm x 0.5 mm (measuring instrument built
by PhysTech, Germany). During the measurement the area of
20 x 5 mm?3 was in direct contact with a two point heater, which
provides a defined temperature gradient. The opposite side of the
contact face between heater and specimen has two electrical con-
tacts to measure the thermo-voltage induced by the temperature
gradient.

The electrical conductivity was determined by the four point
probes method in a glass tubular furnace. Specimens with the
size of 20mm x 4 mm x 4 mm were used.

2.3. Relative density
The density of boron carbide depends on its carbon content.

The theoretical density pg, is calculated according to Boucha-
court and Thévenot'>~'4:

pih = 2.422 glem® 4 0.0048 g/cm? ¢ /at. % 5)

where cc is the carbon content of the initial weight (Eq. (2)).

3. Results and discussion
3.1. Thermal analysis

The curves of the thermal analysis of a powder mixture
(B +C) with 20 at.% carbon content are shown in Fig. 3. The
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Fig. 3. TGA, DTA and DTG of a composition with 20 at.% carbon content of
the initial weight.

DTA curve shows a slight endothermic peak at 1114 °C, which
is related to a reaction of oxygen impurities:

2B,05 (1) + 7C(s) — B4C(s) + 6CO(g) (©6)

Reaction (6) was observed in the work of Sinha et al. dur-
ing heating up a precursor powder consisting of boron oxide
and carbon at a temperature of 1127 °C."> In the work of Najafi
et al. this reaction (6) was observed at a temperature of 1270 °C
in a boron alkoxid precursor system.'® The different reaction
temperatures indicate that the start of this reduction of boron
oxide in combination with the oxidation of carbon depends
on the chemical situation of starting compounds and elemen-
tal distribution. Oxygen impurities are most likely present as
B,03 in the amorphous boron powder component (Table 1).
An additional formation of BO3 may occur during the pre-
vious ball milling of the composition under air atmosphere so
that some more oxygen is present than in the original powder
(Table 1).

The main exothermic reaction (71.2 kJ/mol'”) between boron
and carbon (Eq. (3)) starts at about 1333.3°C according
to our investigations (Fig. 3). This reaction temperature of
about 1333 °C is in good correlation with the XRD observed
phase content at 1300 °C (carbon +boron) and 1400 °C (car-
bon + boron + boron carbide) in the work of Wang et al.'®
The previous oxide reduction may initiate the carbide forma-
tion. There is no further thermal effect observed at higher
temperatures. But the TG/DTG curves show more mass
loss.

The TG curve indicates a mass loss of about 0.58 wt.% up to
500 °C corresponding to the evaporation of moisture and other
volatiles of the sample. With increasing temperature the mass
loss reached 4 wt.% due to the formation of the gaseous products
CO,B203(g), B20; (g) and B, O (g) or evaporation of impurities
(e.g. B2O3 (s) — B203 (g)).

The DTG curve shows four peaks corresponding to the TG
change. The fourth peak at 1788 °C is probably an evaporation
process of impurities like MgO. Compared to the total mass
of the sample the mass loss is insignificant and most proba-
bly linked to the impurities of boron and carbon (Table 1). The
boron carbide formation (Eq. (3)) is not linked with any mass
change.

Table 4
Chemical analysis of sample 11.1 at.% carbon content of initial weight after hot
pressing.

Element Content (at.%)
B 86.33

C (solved in B,C and SiC) 12.01
(¢} 1.04
Si (from SiC phase) 0.30
N 0.18
Mg 0.05
Al 0.04

C (free) 0.03
Fe 0.008
Ti 0.003
Ca, 0.003
Mn 0.001
Cr 0.0003
Ni 0.0003

3.2. Chemical analysis after hot pressing

Table 4 shows the chemical analysis of the sample with
11.1at.% carbon content of initial weight after hot pressing.
Some of the raw materials impurities (Table 1) did evaporate
during sintering, but oxygen, nitrogen and magnesium are still
present. In addition small amounts of silicon (grinding balls),
aluminium (sintering aid of the grinding balls) and iron impuri-
ties (grinding jar) are to be found after hot pressing as result of
the powder milling process. There are very small amounts of the
further impurities. These impurities are mostly alloy elements
of the grinding jar steel.

The determined silicon is part of a silicon carbide phase in
the sample (abrasion of the grinding balls). The silicon carbide
increases the carbon content of the sample with 0.3 at.% (equiv-
alent to its silicon content, Table 4). The silicon carbide phase is
thermodynamically stable during the sintering process, but will
not be detected by the following X-ray diffraction analysis of
the hot pressed samples (less than 1 vol.%). Therefore, 0.3 at.%
of the determined carbon content are most probably associated
with the silicon carbide phase. The carbon content referred to
the boron carbide phase of 11.7 at.% after sintering is in good
correspondence to 11.1 at.% before sintering. The cause of this
slight increase of the carbon content is the evaporation of boron
oxides (cf. Fig. 3) during the hot pressing process.

Because of the uniform preparation process the other sam-
ples with 9.1, 13.3 and 18.8 at.% carbon content of initial weight
should include comparable impurities. Their carbon content
should show a slight increase after hot pressing, too.

3.3. Diffusion process of boron and carbon during the hot
pressing process

A carbon (graphite disc) — boron (amorphous powder) — car-
bon (graphite disc) —sandwich was hot pressed at 2050 °C (same
sintering parameters as the other hot pressed specimens, Table 3)
to gain an impression of the diffusion intensity of boron and
carbon during hot pressing.
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Fig. 4. Cut hot pressed sandwich displaying the formed reaction zone consisting of boron carbide (B,C) between carbon (C) and boron (B) layer.

After hot pressing the sandwich consisted of three distin-
guished zones (Fig. 4): carbon (C) —boron carbide (B,C) —boron
(B) and again — boron carbide (B,C) — carbon (C). The upper
reaction zone (C—B,C—B) is of the same size (about 0.6 mm) as
the lower reaction zone (B—B,C—C) (Fig. 4). Cracks are located
all over the boron and boron carbide layers and indicate high
thermo-mechanical stress during the cool down. The material
breakout in the boron and boron carbide layers was caused by
preparation procedure and is not related to the hot pressing pro-
cess. The upper and lower carbon layer exhibit no cracks or other
material defects.

The formation of an upper and lower boron carbide layer
in the hot pressing process can be described by the following
way with concern to the already reported findings from thermal
analysis and XRD:

(1) At the beginning the pressure of the hot press causes flow
of the boron powder particles and elastic deformation of
the boron powder and the carbon layer. The deformation
of boron and carbon enables the compaction of the boron
powder.

(2) At about 1333 °C (according to DTA results) the reaction
of boron and carbon to boron carbide starts at the upper and
lower contact face between boron and carbon. The formed
boron carbide layer separates the boron and carbon layers.

(3) The further formation of boron carbide needs diffusion of
boron or, respectively, carbon through the boron carbide
layer. The formation of additional boron carbide is limited
by both diffusion rates.

(4) At about 2040 °C the residual boron layer probably melts.
Carbon and boron carbide are still in the solid state. The
diffusion of boron and carbon through the boron carbide
layer continues.

(5) During cool down the boron solidifies. The shrinkage of
the sintered boron powder causes high thermo-mechanical
stress, what causes cracks. The overall formation of boron
carbide stops beneath a temperature of about 1300 °C.

The boron, carbon and oxygen content of the lower reaction
zone was determined by energy dispersive X-ray spectroscopy

(Fig. 5) with an absolute error of about one atom per cent and a
local blur of about one micrometre, which is the area of excita-
tion of the electron beam. The local blur of about one micrometre
should be negligible in comparison to the investigated dimen-
sion, which is about 600 wm. The local transition from boron to
boron carbide (points 2—4 in Fig. 5b) is sharp. The observed tran-
sition is influenced by thermo mechanical induced cracks which
are filled with epoxide resin during FESEM preparation of the

B,C and O content [at.%)]

0 2 4 6 8 10 12 14 16
length z [points 1 to 15]

Fig. 5. Lower reaction zone (B — epoxide resin* — B,C — C) of the hot pressed
sandwich (a) FESEM image (b) corresponding energy dispersive X-ray spec-
troscopy with the elements boron (B), carbon (C) and oxygen (O) * derived from
FESEM preparation.
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Fig. 6. Displacement in pressing direction during hot pressing of the sandwich
and the sample with 13.3 at.% carbon content of the initial weight.

sandwich (points 3—4 in Fig. 5a). The observed oxygen (point 3
in Fig. 5b) is part of the epoxide resin and no component of the
original sandwich. The reaction product (boron carbide B,C)
forms an upper and lower layer of 0.6 mm length (Figs. 4 and 5)
with a gradual increase of the carbon content in carbon direction
from 10 at.% (point 4 in Fig. 5b) to 23 at.% (point 13 in Fig. 5b).
The observed carbon content is in the field of the homogene-
ity range of the boron carbide phase (8.8—18.8at.% carbon'')
and the two phase area of boron carbide and carbon (>18.8 at.%
carbon'"). A sharp local transition from boron carbide to carbon
is observed (points 13—14 in Fig. 5b) with increasing carbon
content.

] %i ----- Lo 1

98
96

944

relative density [%]

924

90 T T T T T T
8 10 12 14 16 18 20

carbon content of initial weight [at.%)]

Fig. 7. Relative density in dependence of the carbon content of the initial weight
after hot pressing at 2050 °C.

The two shown boron carbide reaction layers (Fig. 4) are a
product of mixing derived by deformation and diffusion. The
separation of diffusion effects and deformation effects is impos-
sible by this experimental approach, but the gradual carbon
increase in the boron carbide layer (Fig. 5b) is an indication,
that the structure of the boron carbide layer is mostly caused by
diffusion rather than mixing by deformation.

The information about the diffusion process of boron and the
diffusion process of carbon in boron carbide, which are gained
by this experiment, are helpful for interpretation of further exper-
iments concerning the B—C derived formation of B,C. The size
of the boron carbide reaction layers of 0.6 mm (Figs. 4 and 5) is
about two orders of magnitude larger than the original particle

Fig. 8. FESEM images looking parallel to the pressing direction of the samples; carbon content of the initial weight from 9.1 to 18.8 at.%; grain sizes are non-statistical
values * be aware of changes in magnification ** the preparation caused numerous breakouts, which are no porosity of the samples (a) 9.1 at.% C, grain size about
300 wm (b) 11.1 at.% C, grain size about 3—70 wm (c) 13.3 at.% C, grain size about 5-60 wm (d) 18.8 at.% C, grain size about 0.1-1.5 pwm.
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size of the initial amorphous boron and graphite powder particles
(cf. Table 1). In addition the X-ray patterns of the hot pressed
samples (Fig. 9a) do show no free boron or carbon. Therefore,
the diffusion of boron and carbon should be fast enough to guar-
anty complete solution (more than about 99 vol.% related to
total specimen volume) of boron and carbon in the boron car-
bide within the homogeneity range of boron carbide during hot
pressing at 2050 °C.

3.4. Densification during sintering

Fig. 6 shows two sintering stages. The sintering process is
based on reaction controlled phase sintering in stage I between
about 1300 °C and 1500 °C and solid state sintering of boron
carbide in the final sintering stage II above about 1500 °C.
The sintering stage I of the sandwich is extended up to about
1600 °C, because of the still available boron and carbon reser-
voir on top and bottom of the boron carbide layers (Fig. 4),
which provides diffusion limited boron and carbon for the
boron carbide reaction. State I leads to only little densifica-
tion (cf. Fig. 7a). The beginning of state II between about 1500
to 1650 °C shows no densification. The main sintering based
densification is observed in stage II between about 1650 and
2050°C.

Hot pressing at 2050 °C (sintering parameters in Table 3)
produces dense tablets (relative density >99%) for all car-
bon contents (Fig. 7). This shows that sufficient time leads
to complete densification for all investigated boron—carbon
compositions. The achieved relative density corresponds with
literature.'” This makes the samples comparable with concern
to thermoelectric characterisation.

3.5. Microstructure characterisation

3.5.1. FESEM

Hot pressing at 2050 °C led to a grain growth, which was
significantly depending on the carbon content. At 9.1 at.% car-
bon content of the initial weight the largest grains are observed
reaching about 300 wm (Fig. 8a). With increasing carbon con-
tent the grain growth gets less until no significant grain growth
is observed at 18.8 at.% carbon (Fig. 8d). At 18.8 at.% carbon
the grains reached a size between about 0.1-1.5 wm, which is
in the range of the size of the initial powder particles (Table 1).
Domain-like structures are observed in a large number of grains
in all samples (Fig. 8).

3.5.2. X-ray diffraction and lattice parameters

The main parameter related to the specific phase formation is
the boron—carbon ratio of the starting mixture. The phase anal-
ysis via X-ray diffraction of the hot pressed samples (Fig. 9a)
shows clearly the reactive formed boron carbide (B13C;) phase.
The phase analysis via X-ray diffraction is in good correspon-
dence with the chemical analysis (Table 4). The impurities were
evaporated during sintering process (thermal analysis, Fig. 3),
dissolved in the boron carbide or did form phases with a not
detectable volume content (less than about 1vol.% related to
total specimen volume). 8.8 at.% carbon content is the boron

o] o
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1 Ool * (o] °
i 2l e o LQ_O?J?\)_Q_,&.Q}?_E 9.1 at%C
S | ll l Mo
5 L A A A 11,1 at.%C
S
—
S, n
> v e 13,3 at.%C
=]
C
2 _A_A-L__A_UL
€ A A 18,8 at.%C
= il o ‘ S .. BLG,0
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I \‘Mluwm iy . B ¢
20 40 60 80
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b) peak shift
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=
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c
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£
| 18,8 at.%C
37 38

2 0 [deg]

Fig. 9. Diffraction patterns of the hot pressed (2050 °C) samples in dependence
of the carbon content of the initial weight (ICSD powder diffraction file numbers:
boron carbide B13C2, 01-077-7011%°; graphite C, 00-041-1487>!; hexagonal
boron B, 00-011-0618.%

rich border and 18.8at.% is the carbon rich border of the
homogeneity range of boron carbide.'! No major loss of boron
or carbon appears during sintering process (cf. TG curve Fig. 3),
otherwise boron reflexes should be observed at 9.1 at.% carbon
content or, respectively, carbon reflexes should be observed at
18.8 at.% carbon content of the initial weight (Fig. 9a).”%%*

A peak shift is observed with increasing carbon content
(Fig. 9b), which is the result of the decreasing lattice parameters
a and c. The calculated lattice parameters of the boron carbides
(Fig. 10) show the solution of carbon into the boron carbide
structure. With increasing carbon content the lattice parameter
a decreases from 5.636 to 5.602 A and the lattice parameter ¢
decreases from 12.197 to 12.088 A because of the smaller atomic
radius of carbon compared to boron.>*>

Our achieved lattice parameters correspond close to the
literature values of Kwei et al.,>’ Telle’* and Aselage
etal.”

3.6. Thermoelectric properties

The two thermoelectric properties Seebeck coefficient (S)
and electrical conductivity (o) of the hot pressed specimens
with 11.1, 13.3 and 18.8at.% carbon content of the ini-
tial weight were measured to calculate the power factor S%c
(Fig. 11). The Seebeck coefficient increases with increasing
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Fig. 10. Lattice parameters a and c¢ of the hot pressed samples (HP 2050 °C)
in dependence of the carbon content of the initial weight and in comparison to
literature. >3~

carbon content and shows relatively stable values in the tem-
perature range from 325 K to 625 K at the same carbon content
(Fig. 11a).

The electrical conductivity decreases with increasing carbon
content and increases with increasing temperature from 300 K
to 1073 K (Fig. 11b).

The heating up curves of the electrical conductivity are almost
identical to the cool down curves (Fig. 11b).

The maximum electrical conductivity was obtained with sam-
ple 11.1 at.% carbon content of the initial weight at 1073 K with
about 180 S/cm. Werheit et al.’> showed comparable electrical
conductivities of boron carbides in the range from about 100 to
180 S/cm at 1073 K. Low carbon content boron carbides show
giant grain growth as observed by FESEM investigation of cross
sections. Large grains could enhance the electrical conductivity.
Furthermore the electronic state of the grain boundaries may be
different to boron carbides derived from other boron carbon ratio
mixtures. The slight change of crystallographic features could
also contribute to the observed increase of electrical conductiv-
ity. Grain boundaries control the electrical conductivity if they
form electronic barriers inside the bulk.”®>” The change of B-C
ratio within the grains could influence the level grain boundary
barrier height by changing the electronic state inside the grain
volume. Up to now we did not find a proof for this hypothesis.
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Fig. 11. Thermoelectric properties depending on temperature and carbon con-
tent of initial weight (a) Seebeck coefficient (b) electrical conductivity (c) power
factor.

But it could be investigated in future more detailed. If there is
an increase of the knowledge those findings can become a lever
to design the thermoelectric properties of boron carbide.

The Seebeck coefficient increases with increasing carbon
content and shows almost constant values in the temperature
range from 325K to 625K (Fig. 11a) for the single B,C com-
pounds. The observed rise of the Seebeck coefficient (Fig. 11a)
with increasing carbon content from 11.1 to 18.8 at.% carbon
content of the initial weight is in correlation to literature.” Ase-
lage et al.”® obtained a minimum of the Seebeck coefficient at
a about 13.3 at.% carbon content. Werheit® obtained minimum
of the Seebeck coefficient at a about 12.5 at.% carbon content.
The absolute value of our obtained minimal Seebeck coefficient
(11.1at.% C) of 105 wV/K is about 75 wV/K lower than that
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from Aselage et al.”® and about 105 wV/K lower than that from
Werheit.> Our found Seebeck coefficient at 13.3 at.% carbon
content with about 190 wV/Kis in good correlation with Aselage
et al.”® and Werheit.”

The smaller grain size with more interruptions of homogene-
ity in boron carbide material may contribute to the increase of
the Seebeck Coefficient. Additionally the change in B,C crys-
tallography alters the electronic state.” The contrary relation of
Seebeck coefficient and electrical conductivity correlates to the
accepted theory for bulk materials. Furthermore it is in corre-
lation with the made hypothesis concerning the role of grain
boundary barriers.

Consequently, the power factor increases with increasing
temperature almost proportional to the electrical conductivity
in the temperature range from 325K to 625K (Fig. 11c). The
highest power factor was obtained at 13.3 at.% carbon content of
the initial weight at 625 K with 1.84 x 10~* W/mK?. With a fur-
ther increase of the electrical conductivity an associated increase
of the obtained power factors up to 1073 K can be expected.

4. Summary and conclusions

Boron carbide ceramics were manufactured by synthesis of
boron rich boron carbide from elemental boron carbon mixtures
during compaction by hot pressing at 2050 °C.

Detailed investigations of the sintering process generated new
insight in the mechanism of boron carbide formation and the
related compaction of the ceramic material. The used meth-
ods thermal and chemical analysis, XRD and FESEM produced
consistent results. The boron carbide formation occurs around
1333 °C by an instant formation of boron rich boron carbide.
The performed diffusion experiment indicates high solid state
diffusion of boron and carbon and no interruption of the diffu-
sion process which could be caused by a boron carbide layer.
This strong diffusion activity leads to the immediate forma-
tion of the final boron carbide which is completely finished at
about 1500 °C. The FESEM investigations and the densification
of the sintered ceramics indicate that an increasing boron con-
tent enhances the diffusion rate. Giant grain growth is observed
particularly for the boron rich samples.

Apart from the well-known dependencies of electrical con-
ductivity and Seebeck Coefficient to boron carbon ratio' > the
dimensions and structure of boron carbide grains contribute to
the discussed material properties. Large boron carbide grains
promote the electrical conduction but decrease the Seebeck
Coefficient of the material. The change in material structure
is a significant parameter to design the thermoelectric prop-
erties of boron carbide so that the manufacture technology of
boron carbide materials offers a potential tool to increase the
thermoelectric efficiency of boron carbide materials.
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