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bstract

6O composites were prepared by hot pressing of B6O powder with alumina, aluminium and carbon additions. Dense materials with hardness higher
han 30 GPa and fracture toughness of 3 MPa m1/2 were achieved at 1900 ◦C. The sintering behaviour and the formed phases were discussed on the
ases of thermodynamic calculations. The thermodynamic properties of boron suboxide (B O) were approximated at high temperatures. The phase
6

quilibria computed based on the obtained thermodynamic properties, agree with the available experimental data. The modelled thermodynamic
roperties of B6O have been applied to analyse interpretation of the sintering behaviour and the stability of these materials. The thermodynamic
alculations and microstructural analysis showed that the densification takes place by liquid phase sintering.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The development of synthetic ultrahard materials which have
ardness values approaching that of diamond-based materials
as been of great interest. With Vickers hardness (Hv) of between
0 and 100 GPa, diamond is the hardest material known, fol-
owed by cubic boron nitride (Hv ∼ 60 GPa) and boron suboxide
Hv ∼ 38 GPa), herein referred to as B6O.1,2 The strong cova-
ent bonds and short interatomic bond length contribute to a
ombination of unique properties, which are characteristic for
any boron rich compounds.1–6 Nevertheless boron suboxide,
hich can be produced and processed under ambient pressure,
as not found industrial applications, due to the low fracture
oughness and the lack of understanding of the relation between
reparation, microstructure, and properties.

Boron suboxide-based compounds are normally densified at
igher temperatures (≥1700 ◦C) and/or high pressures. There

xist different approaches to produce these materials by reac-
ive hot pressing of B2O3 and B or by hot pressing of B6O
owder.1,2,7,8 All these materials had shown good microhard-

∗ Corresponding author. Tel.: +49 351 25 53 527; fax: +49 351 25 53 600.
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ess values but their fracture toughness values were less than
MPa m1/2.

Recently it was shown that the addition of Al or Al2O3 results
n improved fracture toughness with only minor reduction in
ardness.7,9,10 Therefore a detailed understanding of the pro-
esses which take place during sintering would be helpful in the
earch of new additives for B6O materials. A possible way for
redicting the phase formation in B6O composites during sinter-
ng is the thermodynamic calculation of the equilibrium phases.
owever, current knowledge on the thermodynamic properties
f boron suboxide is limited to temperatures of up to 800 K.11–13

he entropy was determined to be �S298.15 = 39.91 J/(mol K)
nd the enthalpy of formation as �Hθ

f (B6O, s, 298.15 K) =
527 ± 32 kJ mol−1.11 The temperature dependent heat capac-

ty was established for the temperature range 298.15–800 K as

p = 54.55936 + 17.263 × 10−2T

−28.2 × 105T−2 (J/(mol K))12 (1)

n this paper, on the basis of these data and the thermodynamic

ata of similar borides, the thermodynamic function of B6O at
igh temperature will be estimated and used for the calculation
f the phase composition of B6O/Al/Al2O3 and of B6O/C-
omposite materials. The results will be compared with existing

mailto:Mathias.Herrmann@ikts.fraunhofer.de
dx.doi.org/10.1016/j.jeurceramsoc.2007.10.011
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ig. 1. Dependence of Cp vs. temperature for B6Si, B6O (extrapolated experi-
ental values) and B6O after correction (the data of B6Si from 14). The data of

6O were measured in the range 298.15–800 K (12).

xperimental data concerning different phase compositions of
omposites and used for explaining the sintering behaviour of
6O-based materials.

. Estimation of the Gibbs energy of B6O

The Gibbs energy of B6O can be calculated using the known
tandard enthalpy�H f

298.15 and entropy (�S298.15). Beside these
alues, the heat capacity is also necessary for the determination
f the Gibbs energy (Gf(T)) at a higher temperature. These values
re determined only up to 800 K and have to be estimated for
igher temperatures.

The determined enthalpy of formation of B6O agrees with
ther values for similar compounds such as B6Si, B6As, and
6P.11 Also the Cp values near room temperature are quite close

o the Cp values of B6Si (Fig. 1). This could be expected since
he compounds have a similar structure, composition, and chem-
cal bonding. The thermodynamic data for B6Si were taken from
actSageTM Databank.14 The extrapolation of the Cp values of
6O to higher temperatures gives large differences between the
wo compounds (Fig. 1). Usually, the atomic heat capacities
f all solid elements are in the range of 3R (=24.9 J/(mol K))
here R is gas constant (rule of Dulong and Pettit). Addition-

lly, the molar heat capacity of a solid chemical compound is

o
a
t
i

able 1
hase composition, density and hardness of hot pressed samples prepared by admix

emperature

aterial name Sintering conditions Density
(g/cm3)

Knoop microhard
(GPa), 500 g

7-M5.2 1700 ◦C, 50 MPa, 20 min 1.33 –
8-M5.2 1800 ◦C, 50 MPa, 20 min 2.30 18.0 ± 1.1
9-M5.2 1900 ◦C, 50 MPa, 20 min 2.39 30.0 ± 0.9
9-M7.3 1900 ◦C, 50 MPa, 20 min 2.35 26.0 ± 1.5
9-M10 1900 ◦C, 50 MPa, 20 min 2.46 –
9B6O 1900 ◦C, 50 MPa, 20 min 2.51 35.0 ± 0.8

he theoretical density of B6O changes from 2.49 g/cm3 for B6O0.76 to 2.53 g/cm3 fo
eramic Society 28 (2008) 1613–1621

pproximately equal to the sum of the molar heat capacities
f its constituent chemical elements.15 Using this rule the heat
apacity of B6Si can be estimated as 207.2 J/K compared to
17.223 J/K (FACT53) or 204.716 J/K (SGPS-Database) found
n literature at 2000 K.14 It follows that the maximum heat capac-
ty of B6O should be equal to the heat capacity of six boron atoms
lus one oxygen atom, i.e. it has to be in the same region as B6Si.
herefore, 213 J/K mol was chosen as the value at 2000 K and a

inear Cp function above the measured range (781 K), was intro-
uced to correct the deviation between the heat capacities of B6O
nd B6Si in the temperature range of 800–2300 K (Fig. 1). There-
ore, Cp function used in this work was:Cp = 54.56 + 17.263 ×
0−2T − 28.2 × 105T−2 (J/(mol K)) for T < 800 K13 and
p = 0.023T + 166.54 (J/(mol K)) for T > 800 K (determined
y the approximation described).2 Using the Cp values of B6Si
nstead of the approximated B6O, the Gibbs free energy of for-

ation (�G) of B6O would be somewhat lower, e.g. at 2000 K
t would be −920.48 kJ/mol in comparison to −914.391 kJ/mol
or the used dataset. This difference corresponds to an error of
ess than 1%. This difference can be viewed as the uncertainty
f the determined values, even for B6Si. The data do not take
nto account the fact that B6O is normally non-stoichiometric.16

he non-stoichiometry depends on synthesis conditions and is
ormally in the range of B6Ox with 0.77 < x < 1. However, no
ata concerning the dependence of thermodynamic data on the
xygen content in B6O are known. The determination of the
hermodynamic data11–13 was carried out on materials produced
t ambient pressure, and therefore it can be assumed that they
ave a similar non-stoichiometry as the powders used in this
nvestigation.

Therefore in all calculations we assume the ideal composition
f B6O.

. Experimental

The B6O powders used were produced in laboratory scale as
escribed in.9,10 The mean grain size of the powder was in the
ange of 1 �m. The impurities introduced by the milling media
as less than 0.2%. The determination of the content of B2O3

n the surface of the B6O powder is difficult, because oxygen
nalysis of the materials does not give conclusive results due to
he non-stoichiometry of the B6O. The washing of the powder
n hot alcohol reduces the B2O3 surface layer as was found for

ing B6O with Al powder and equilibrium phases calculated for the sintering

ness Crystalline phases formed
after sintering

Thermodynamically calculated
equilibrium phases

B6O, Al18B4O33 B6O, AlB12, Al2O3

B6O, Al18B4O33 B6O, AlB12, Al2O3

B6O, Al18B4O33 B6O, AlB12, Al2O3

B6O, Al18B4O33, Al2O3 B6O, AlB12, Al2O3

B6O, Al2O3 B6O, AlB12, Al2O3

B6O B6O, AlB12, Al2O3

r B6O0.84 (ICSD 81-2192 and 87-2288).



ean Ceramic Society 28 (2008) 1613–1621 1615

B
o
i
B

t
1
a

d
a
m
l
m
s

p
m
h
6
t
d
d
p
(

m
t
p
r
i
I
n

t
5
p
A
r

t
s
p
s
p

w
u
m
t

d
t
s
c
t
i

po
si

tio
n,

de
ns

ity
an

d
ha

rd
ne

ss
of

ho
tp

re
ss

ed
bo

ro
n

su
bo

xi
de

-b
as

ed
m

at
er

ia
ls

fr
om

co
at

ed
po

w
de

rs
(c

ry
st

al
lin

e
ph

as
es

in
th

e
st

ar
tin

g
po

w
de

r
B

6
O

/A
l 2

O
3
)

an
d

ca
lc

ul
at

ed
ph

as
es

at
eq

ui
lib

ri
um

D
en

si
ty

(g
/c

m
3
)

V
ic

ke
rs

ha
rd

ne
ss

,
H

v5
(G

Pa
)

K
no

op
m

ic
ro

ha
rd

ne
ss

(G
Pa

),
50

0
g

Fr
ac

tu
re

to
ug

hn
es

s,
K

IC
(M

Pa
m

1/
2
)

C
ry

st
al

lin
e

ph
as

es
fo

rm
ed

af
te

r
si

nt
er

in
g

T
he

rm
od

yn
am

ic
al

ly
ca

lc
ul

at
ed

eq
ui

lib
ri

um
ph

as
es

at
si

nt
er

in
g

te
m

pe
ra

tu
re

(1
90

0
◦ C

)

T
he

rm
od

yn
am

ic
al

ly
ca

lc
ul

at
ed

eq
ui

lib
ri

um
ph

as
es

af
te

r
co

ol
in

g

So
lid

L
iq

ui
d

2.
52

29
.3

±
0.

5
31

.1
±

0.
4

3.
1

±
0.

1
B

6
O

,A
l 1

8
B

4
O

33
B

6
O

,A
l 1

8
B

4
O

33
B

2
O

3
/A

l 2
O

3
B

6
O

,A
l 1

8
B

4
O

33

A
l 4

B
2
O

9

2.
45

28
.2

±
1.

6
30

.2
±

0.
6

3.
2

±
0.

2
B

6
O

,A
l 1

8
B

4
O

33
B

6
O

,A
l 1

8
B

4
O

33
B

2
O

3
/A

l 2
O

3
B

6
O

,A
l 1

8
B

4
O

33

A
l 4

B
2
O

9

2.
51

27
.8

±
1.

1
28

.6
±

0.
5

3.
4

±
0.

1
B

6
O

,A
l 1

8
B

4
O

33
B

6
O

,A
l 1

8
B

4
O

33
B

2
O

3
/A

l 2
O

3
B

6
O

,A
l 1

8
B

4
O

33

A
l 4

B
2
O

9

A. Andrews et al. / Journal of the Europ

and BN powders.19 The expected B2O3 content on the surface
f the powder is assumed to be in the range of 1–2 wt.%. This
s a common value for non-stable non oxide powders like SiC,
N, AlN of the same grain size.

Three sets of B6O composite materials were prepared from
hese powders by hot pressing (HP20 Thermal Technology) at
900 ◦C and at pressures of 50 MPa. The details of preparation
re given elsewhere.7,9,10

The first set of materials was produced from the B6O pow-
er which was dry mixed with different amount of metallic
luminium (Saarchem; grain size of 5 �m) using a turbula
ixer with Al2O3-balls for 2 h and then hot pressed in hBN

ined graphite dies in Ar-atmosphere (Table 1). The addition of
etallic Al was chosen to remove the remaining B2O3 in the

ample.
The second set of samples was produced from the B6O

owders CVD coated with Al2O3. This was carried out by
ixing B6O and Al and NH4Cl as reactive components and

eating the mixture in a tube furnace under Ar at 1380 ◦C for
h.7 The coating on the surface of B6O particles was found

o be mainly Al2O3; some traces of Al14B4O33 were also
etermined. The amount of Al in the composite powder was
etermined by ICP AES.10 The coated samples were then hot
ressed under the same conditions as the first set of samples
Table 2).

The third set of samples was produced from the B6O powder
ixed with two different amounts of resin (carbon source). For

his, 5 and 10 vol.% phenolic resin were added prior to the hot
ressing (Table 3). The weight loss during the pyrolysis of the
esin was 2.2 and 4.5%, respectively, so that the carbon content
n the sample before hot pressing was 2.8 and 5.5%, respectively.
n these samples some Al2O3 impurities were found, which were
ot detected in the pure B6O materials.

The samples have been named according to their prepara-
ion. For example 17-M5.2 is hot pressed B6O composite with
.2 wt.% Al powder at 1700 ◦C; 19-O2.2 is B6O composite hot
ressed at 1900 ◦C and coated with 2.2 wt.% Al in the form of
l2O3; and 19-C5 is hot pressed B6O composite with 5 wt.%

esin at 1900 ◦C.
The sintered B6O-based composites were characterised in

erms of phase composition using the X-ray diffractometry and
canning electron microscopy. Additionally, the samples were
olished and the hardness and fracture toughness were mea-
ured. For high magnification images, some of the samples were
olished by ion beam.17

The fracture toughness (KIC) was measured at indentations
ith a load of 5 kg. The average of five measured values was
sed to determine the properties of the B6O samples. KIC was
easured via the DCM method, using Anstis’ equation18 and

he determined elastic constants.9

The FactSageTM software package was used for the thermo-
ynamic calculations of equilibrium phase compositions. The
hermodynamic data were used from the database FACT53 (ver-
ion 5.3) and the data of B O were derived in paragraph 2. The
6
alculations were carried out between 1200 and 2000 ◦C using
he starting composition of the materials assuming 1 wt.% B2O3
n the material. In some cases the amount of B2O3 was increased Ta
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Table 3
Properties of the hot pressed B6O samples made by adding phenolic resin

Material name Density
(g/cm3)

Vickers hardness,
Hv5 (GPa)

Fracture toughness,
KIC (MPa m1/2)

Crystalline phases formed
after sintering

Thermodynamically calculated
equilibrium phases after cooling

1 B6O, Al18B4O33 B6O, B4C, Al18B4O33

1 B6O, Al18B4O33, B4C B6O, B4C, Al18B4O33
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Table 3 shows the properties of the third set of materials,
where B6O powders were mixed with phenolic resin as a source
of carbon. The reason for adding carbon was to cause the carbon
to react with B2O3 to form B4C, which could reduce the B2O3-

Table 4
Density and weight losses of hot pressed B6O samples

Sample name Annealing conditions Density (g/cm3) Weight loss (%)
9-C5 2.46 24.7 ± 0.6 5.25 ± 0.78
9-C10 2.41 21.5 ± 0.77 5.48 ± 0.58

r decreased to test how stable the solutions are. The calcu-
ation was done by minimization of the Gibbs energy of the
ystem using the EQUILIB module of the program FactSage
.5.

. Results

In the first set of materials, B6O powders were admixed
ith aluminium metal. The aim of this study was to elim-

nate the existing amorphous B2O3 on the surfaces of B6O
owder, which could be a possible reason of the low fracture
oughness of B6O sintered compacts described in the literature.
able 1 shows the Knoop microhardness of the hot pressed sam-
les as well as the calculated equilibrium phases at sintering
emperatures. The densities obtained were lower compared to
he density obtained for pure B6O sintered compact. The sec-
ndary phase after sintering was Al18B4O33. The two possible
hases, Al18B4O33 and Al4B2O9 cannot be distinguished by
RD non-ambiguously because the main peaks of both phases

re quite similar and the phase content is low. The conclu-
ion of the formation of Al18B4O33 was drawn on the basis
f detailed analysis of the microstructure of material 19-O5.6
sing TEM17 which allows the differentiation between the two
hases.

When the amount of Al metal was increased to 7.3 wt.%, an
dditional phase, Al2O3, was identified using XRD. In contrast,
hases calculated at equilibrium were AlB12 and Al2O3.

Table 2 shows the properties of the second set of experiments
here B6O powders were coated with Al2O3 via CVD. In the

oated powders Al2O3 was observed besides B6O. Al18B4O33
hase was identified after sintering. Thus, the Al2O3 phase
bserved on the coated powder disappeared after sintering at
900 ◦C. These results agree with the thermodynamically calcu-
ated equilibrium phase composition given in Table 2 for the hot
ressing temperature 1900 ◦C and room temperature. The results
f the thermodynamic calculations indicate an oxide liquid con-
aining Al2O3 and B2O3 co-existing at sintering temperatures
ith B6O and Al18B4O33. This liquid could recrystallise to form
l2O3–B2O3 compounds during cooling and the type of alu-
inium borate formed would depend on the ratio of Al2O3 to
2O3 in the liquid (Fig. 2). Additionally, the amount of Al2O3
nd B2O3 in the starting composition will strongly change the
mount of liquid phase existing during sintering and hence affect
ensification of sintered materials.

The data in Tables 1 and 2 showed that the addition of Al2O3

r Al results in an increase in the fracture toughness in com-
arison to the pure B6O materials produced in this work and in
omparison to literature data.1,2 The mechanism of increasing
racture toughness will be discussed elsewhere.17

1

1

ig. 2. Calculated phase diagram of Al2O3–B2O3 system. This diagram com-
letely agree with the diagram given in the ACerS-NIST phase equilibrium
iagrams.20.

Table 4 shows the properties of pure B6O sample (19B6O) and
VD coated B6O sample (19-O5.6) which has been annealed
fter hot pressing at 1900 ◦C. The analysis of the heat-treated
amples showed that the 19B6O sample was stable up to 1900 ◦C
ith slight decomposition. 3.5% mass loss was measured for

his sample. For the 19O5.6 samples, a mass loss of 11% was
bserved. Fig. 3 shows the optical images of the cross sections of
nnealed samples at 1900 ◦C. When comparing the SEM images
f 19-O5.6 before and after annealing, it was observed that the
mount of the secondary phase (Al18B4O33) had decreased,
specially in the near surface area. Comparing SEM images
f 19-O5.6 sample before and after heat treatment at 1900 ◦C
Fig. 4), the Al containing compound was decomposed exten-
ively.
9B6O As hot pressed 2.51 –
1900 ◦C 2.47 3.5

9-O5.6 As hot pressed 2.51 –
1900 ◦C 2.30 11
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Fig. 3. Optical images of cross-sections of samples annealed at 1900 ◦C. (a) 19B6O; (b) 19-O5.6 wt.% Al.
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ig. 4. SEM images of polished cross sections of B6O composite 19-O5.6 wt.%

ontent and may prevent grain growth of B6O during sintering.
he B6O powder used for this set of experiments contain some
lumina borate from the alumina boat used during synthesis
f the B6O feedstock. In the sample 19-C5, no B4C or carbon
ontaining phase was identified using XRD. Nevertheless, B4C
as identified in the 19-C10 sample (Fig. 5). The samples had
slightly lower density than the samples sintered with Al2O3.
specially the material with 10% resin shows an incomplete
ensification. The material has additionally a lower hardness

ut higher fracture toughness. This could be connected with the
esidual porosity. More detailed investigations are necessary to
nderstand this behaviour.

Fig. 5. XRD pattern of the hot pressed 19-C5 (a) and 19-C10 (b).
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re heat treatment and (a) edge of the sample after heat treatment at 1900 ◦C.

. Discussion

.1. Comparison of experimentally observed and
hermodynamically calculated phase compositions

The thermodynamic calculations and the experimental data
how that Al2O3 or Al-borates are in equilibrium with the B6O.
luminium will react with B2O3 or B6O to form Al2O3. The

xisting B2O3 on the surface of the powder and the Al2O3 added
ormed aluminium borates, and at high temperature an oxide
iquid. This liquid would contain B2O3/Al2O3 and some B6O.
ccording to the phase diagram (Fig. 2) a liquid phase is formed

t 1200 ◦C if the Al2O3/B2O3 mol ratio is between 9:2 and 2:1.
ll secondary phases are solved in the liquid at the incongru-

nt melting point of Al18B4O33. The detailed analysis of the
icrostructure using TEM17 and of ion beam polished sam-

les (Fig. 6) showed that, beside the crystalline phases B6O and
l18B4O33, a boron rich amorphous phase is formed, indicating,

hat the B2O3/Al2O3 ratio is in the indicated area. The existence
f the boron rich amorphous phases, which partially decomposes
nder the preparation conditions, can be shown by comparing
he prepared samples with BN samples prepared under simi-
ar conditions (Fig. 6). In both cases between the grains of the
rystalline phase boron and oxygen rich phases are found.19

From these data it could be concluded, that the Al4B2O9

hase, which crystallises from the liquid phase during cool-
ng only at low temperatures (below 1200 ◦C) does not form
or kinetic reasons and a boron rich residual amorphous grain
oundary is formed beside Al18B4O33.
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Fig. 6. FESEM micrograph of the ion beam polished sampl

In the case of the materials of the second (Al2O3-additive)
nd third set of experiments (carbon additions), the calculated
nd observed phases are in good agreement.

For the first set of samples, which were produced by the mix-
ure of Al and B6O, the same borate phase was observed beside

6O as in the second set of samples, showing the reaction of Al
ith B2O3 or B6O. The phases calculated at equilibrium were
lB12 and Al2O3. The thermodynamic calculations of the phase

quilibrium between 1200 and 2000 ◦C showed the formation
0 wt.% AlB12. Experimentally AlB12 was not observed, beside
he fact that some of the intensive peaks of the XRD pattern of
lB12 do not overlap with B6O and the determination of AlB12

ould be possible. The difference between the thermodynamic
alculations and the experimental results could be attributed on
he one hand to the fact that during processing the aluminium
icked up some oxygen. On the other hand, the Al can react
ith B6O reducing the oxygen content in the B6O due to the

xistence of the non-stoichiometry of B6O, i.e.

B6O + 2xAl ⇒ xAl2O3 + 3B6O(1−x) (3)

n indication for such a reaction was found by analysing the lat-
ice parameter of B6O powders and sintered samples. Detailed
RD analysis of the samples made with addition of Al2O3
ad shown that the lattice parameter of B6O changes from
= 0.5370 ± 0.0001 nm to 0.5390 ± 0.0001 nm in the sintered

amples without additives and also with Al2O3 additions.9 This
ndicates that some additional oxygen was incorporated into
he B6O lattice during densification. In16 it was shown that the
xygen content can strongly vary with the temperature of syn-
hesis of B6O. Assuming the reduction of the oxygen content of

6O, the formation of AlB12 would no more be expected. But
his would still not explain the formation of aluminium borates,
ecause this would necessitate the stability of B2O3 also. As it
as mentioned before, the determination of B2O3 in the starting
owder is complicated, but calculations with B2O3 contents of
p to 3 wt.% yielded unchanged results. The possible explana-
ion could be: The area of coexistence of Al2O3 and Al18B4O33
epends on the non-stoichiometry of B6O1−x. For low oxygen

ontent (high x values) it could be in equilibrium with Al2O3
nd for high oxygen content with Al18B4O33. Such behaviour
s quite common for phases with a homogeneity region. Addi-
ionally, the calculations do not take into account the solubility

t
s
C
a

5.6 (a) and of hBN material (b) prepared in the same way.

f B6O in the liquid phase. If the composition of the liquid in
quilibrium with B6O1−x is more B2O3 rich, the composition of
6O would not change completely to the equilibrium ones dur-

ng cooling. Further investigations of the phase equilibria are
ecessary to understand this.

The thermodynamic calculations showed that at low temper-
tures, carbon is in equilibrium with the B6O and reacts with
2O3 forming B6O:

C + 3B2O3 = B6O + 8CO (4)

his reaction strongly depends on the CO-partial pressure
nd therefore the stability of the liquid B2O3 during sintering
trongly depends on transport of CO. At 1544 ◦C, the CO partial
ressure reaches 1 atm resulting in strong reduction of the B2O3
n a system with a fixed pressure of 1 atm.

Carbon can react also with B6O:

B6O + 5C = 3B4C + 2CO (5)

he formed CO partial pressure is lower than the equilibrium
ressure of reaction (4). Therefore the reaction takes place only
fter decomposition of B2O3.

At 1616 ◦C, the CO partial pressure of reaction (5) reaches
atm and carbon strongly reduces B6O forming B4C and CO.
he added carbon therefore reduces on the one hand B2O3 and
vaporates as CO and, on the other hand forms B4C. The fact
hat for the sample with the low carbon content the formation of

4C could not be determined is the result of the consumption
f carbon by the formation of CO and reduction of B2O3. The
O partial pressures of the two reactions as a function of the

emperature are shown in Fig. 7. The areas of the stability of the
ifferent phases are shown, which are separated by the lines.

Even if the thermodynamic calculations suggest that B4C
ould be decomposed at low temperatures, this would be
nlikely to happen during cooling or heating due to kinetic rea-
ons. Therefore the use of B4C in B6O/B4C composites will
esult in more reproducible results of sintering due to reduced
nteraction. This means that regardless of the starting compo-
ition, B6O and B4C phases would be present at the sintering

emperature (1900 ◦C) except when the overall pressure in the
ystem is increased, for instance, to 10 atm. In such a condition,

could be stable at sintering temperature and B4C only forms
t about 1925 ◦C.
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system B6O/B2O3. The first is formed due to the interaction
ig. 7. Partial pressure of CO for the two solid systems, B6O/B2O3/C and

6O/B4C/C.

.2. Decomposition at high temperatures and sintering

In Fig. 8 the calculated compositions of the gas phase as
function of temperature are given for B6O/B2O3 and for
6O/B2O3/Al2O3 compositions. Two things can be derived from
hese calculations. The addition of Al2O3 lowers the partial pres-
ure of the boron-containing compounds by a factor of 2 at

b
r
p

Fig. 8. Composition of the gas phase for materials (a) B6O–2 wt.% B2
eramic Society 28 (2008) 1613–1621 1619

intering temperature (compare Fig. 8a and b). This helps to
tabilize the liquid phase during sintering. The role of Al2O3-
ddition is to reduce the activity of B2O3 in the oxide melt and
herefore the partial pressures.

Independently on the drop of the partial pressures due to
he addition of Al2O3 the partial pressures of Al and boron
ontaining species are still high (AlBO2 partial pressure is
.1 × 10−4 atm and (BO)2 are in the range of 10−2 atm at
900 ◦C). This causes a strong decomposition of the liquid phase
y simple evaporation of B2O3 and by interaction with B6O. This
eaction can be summarised as:

B6O + 5(Al2O3 + B2O3) liquid ⇒ 6(BO)2 + 10BAlO2 (6)

he partial pressure of (BO)2 is higher than that of AlBO2 there-
ore the liquid/grain boundary phases will be enriched with
l2O3 during sintering. Under the heat treatment conditions

he evaporation is so intensive that nearly the complete grain
oundary phase evaporates, resulting in the low density and high
orosity. These high partial pressures make it complicated to
ensify the material without external pressure.

The (BO)2 and B2O3 have the highest partial pressure in the
etween B6O and B2O3. The second is caused by simple evapo-
ation of B2O3. After the decomposition of B2O3 existing in the
ockets between the B6O grains, the partial pressure drops and

O3; (b) B6O–4 wt.% Al2O3–2 wt.% B2O3 and for (c) pure B6O.
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Fig. 9. Densities of hot pressed B6O samples (with 5.2 wt.% Al) as a function
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f sintering temperature. (a) Density of B6O samples hot pressed at 1900 ◦C as a
unction of the amount of Al added, and the amount of Al in the coated samples
coating consists of Al2O3) (b).

he decomposition will strongly be retarded (see Fig. 8a and c).
herefore the heat treatment of the pure B6O results in a relative

ow weight loss and only a small reduction of the density.
Fig. 9a shows the graph of the density as a function of temper-

ture for the coated B6O with 5.2 wt.% Al additive and Fig. 9b
hows the graph of density as a function of the amount of Al
dded for B6O composites (first and second set of materials
Tables 1 and 2). The hot pressed B6O materials with Al2O3
oating up to 5.6 wt.% Al showed some scattering of the reached
ensities. The densities of the samples with the lowest amount
f Al (19-O2.2) had a highest density, 2.52 g/cm3. The sample
ith highest amount of Al (19-O7.2) had the lowest density,
.37 g/cm3.

Thermodynamic calculations of the amount of liquid in the
aterial as a function of the Al2O3 content in the material

Fig. 10) showed that changes in the B2O3 and Al2O3 content
trongly affect the amount of liquid phase formed at different
emperatures and hence strongly influence the densification. It
as to be mentioned that the calculation of the amount of liq-
id phases do not take into account the solubility of B6O in the

iquid. Therefore this information can only be used for the quali-
ative explanation of the sintering behaviour. Decreasing amount
f B2O3 at constant Al2O3 content reduces the amount of liquid
xisting during sintering at lower temperatures. The amount of

p
m
i
s

ig. 10. Amount of liquid phase as function of temperature and ratio of

2O3/Al2O3. (a) 1:1; (b) 1:3; (c) 1:5. Concentration of B2O3 is 1 wt.%.

iquid phase strongly increases with increasing temperature due
o the increased solubility of Al18B4O33 in the liquid, which

elts at 1950 ◦C. This is consistent with the calculated phase
iagram (Fig. 2) and the experimental phase diagrams.20 At tem-
eratures above the melting point of Al18B4O33 the amount of
iquid decreases due to the enhanced evaporation of the liquid
hase. Therefore only a small temperature interval exists for
ensification. With increasing Al2O3 content at constant B2O3
ontent, the amount of liquid phase reduces due to the forma-
ion of higher amount of Al18B4O33. At constant Al2O3 the
ncrease of the amount of B2O3 will increase the amount of liquid
hase, but also the partial pressures of B2O3 and (BO)2 increases
esulting in higher decomposition. Additional it will result in an
nstable, very soft boron oxide rich amorphous grain boundary
hase. Therefore this would not be an option for improving the
intering behaviour.

The addition of Al reduces, at least partially, the amount of
2O3 in the material. Therefore the density of materials with
dded metallic Al strongly reduces with increasing Al content.
or the sample with very high amounts of Al2O3 (10.4 wt.% Al,

.e. with nearly 20 wt.% Al2O3) the density increases slightly.
his could be caused by the higher density of Al2O3 and the
igh amount of Al2O3 which sinters normally at much lower
emperatures. Nevertheless this material is still porous.

These results suggest that the mechanism of densification
f the materials is that of liquid phase sintering. Also the
icrostructural figures support this finding (Figs. 4 and 6) as well

s TEM investigations carried out and published elsewhere.17

Further improvement of the material is possible by reduc-
ng the grain size and optimizing the hot pressing parameter
specially the pressure and the isothermal holding time.

. Conclusion

B6O composites were prepared by hot pressing of B6O

owder with alumina, aluminium and carbon additions. Dense
aterials were achieved at 1900 ◦C. The resulting materials have

ncreased fracture toughness in comparison to the pure B6O
amples and nearly the same hardness as pure B6O composites.
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Thermodynamic properties of B6O have been estimated up
o 2300 K and validated using the secondary phases formed
n the investigated materials. The data allow the prediction of
he stability of the liquid and crystalline phases. Therefore they
an form the basis for the search of new sintering additives
hat would allow the sintering of the composites at lower
emperatures. Thermodynamic calculations of B6O composites
nd the observed microstructure support the conclusion that the
echanism of densification of the B6O/Al2O3 composites is, at

east predominantly, liquid phase sintering. The experimental,
s well as the calculated results, reveal that the densification
epends strongly on the composition of the starting materials,
ith B2O3 normally present on the surfaces of starting B6O
articles playing a major role in the densification and hence the
ardness and fracture toughness of the sintered composites.
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