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Abstract

BsO composites were prepared by hot pressing of BO powder with alumina, aluminium and carbon additions. Dense materials with hardness higher
than 30 GPa and fracture toughness of 3 MPam'?? were achieved at 1900 °C. The sintering behaviour and the formed phases were discussed on the
bases of thermodynamic calculations. The thermodynamic properties of boron suboxide (B¢O) were approximated at high temperatures. The phase
equilibria computed based on the obtained thermodynamic properties, agree with the available experimental data. The modelled thermodynamic
properties of BcO have been applied to analyse interpretation of the sintering behaviour and the stability of these materials. The thermodynamic
calculations and microstructural analysis showed that the densification takes place by liquid phase sintering.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of synthetic ultrahard materials which have
hardness values approaching that of diamond-based materials
has been of greatinterest. With Vickers hardness ( Hy) of between
70 and 100 GPa, diamond is the hardest material known, fol-
lowed by cubic boron nitride (H, ~ 60 GPa) and boron suboxide
(H, ~ 38 GPa), herein referred to as B¢O.!% The strong cova-
lent bonds and short interatomic bond length contribute to a
combination of unique properties, which are characteristic for
many boron rich compounds.'® Nevertheless boron suboxide,
which can be produced and processed under ambient pressure,
has not found industrial applications, due to the low fracture
toughness and the lack of understanding of the relation between
preparation, microstructure, and properties.

Boron suboxide-based compounds are normally densified at
higher temperatures (>1700 °C) and/or high pressures. There
exist different approaches to produce these materials by reac-
tive hot pressing of BoO3 and B or by hot pressing of BcO
powder.!>7:8 All these materials had shown good microhard-
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ness values but their fracture toughness values were less than
2MPam!/2,

Recently it was shown that the addition of Al or Al,O3 results
in improved fracture toughness with only minor reduction in
hardness.”>10 Therefore a detailed understanding of the pro-
cesses which take place during sintering would be helpful in the
search of new additives for BgO materials. A possible way for
predicting the phase formation in B¢O composites during sinter-
ing is the thermodynamic calculation of the equilibrium phases.
However, current knowledge on the thermodynamic properties
of boron suboxide is limited to temperatures of up to 800 K.!-13
The entropy was determined to be ASz9g.15=39.91J/(mol K)
and the enthalpy of formation as AH%9 (B6O, 5,298.15K) =
—527 4+ 32 kI mol~".!! The temperature dependent heat capac-
ity was established for the temperature range 298.15-800K as

Cp = 54.55936 + 17.263 x 107°T
—28.2 x 10°T~2 (J/(mol K))!? (1)

In this paper, on the basis of these data and the thermodynamic
data of similar borides, the thermodynamic function of B¢O at
high temperature will be estimated and used for the calculation
of the phase composition of BgO/Al/Al,O3 and of BgO/C-
composite materials. The results will be compared with existing
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Fig. 1. Dependence of C, vs. temperature for B¢Si, B¢O (extrapolated experi-
mental values) and B¢O after correction (the data of B¢Si from 14). The data of
BO were measured in the range 298.15-800 K (12).

experimental data concerning different phase compositions of
composites and used for explaining the sintering behaviour of
BgO-based materials.

2. Estimation of the Gibbs energy of B;O

The Gibbs energy of B¢O can be calculated using the known
standard enthalpy A H§98‘1 s and entropy (AS29s.15). Beside these
values, the heat capacity is also necessary for the determination
of the Gibbs energy (G'(T)) at a higher temperature. These values
are determined only up to 800K and have to be estimated for
higher temperatures.

The determined enthalpy of formation of B¢O agrees with
other values for similar compounds such as BgSi, BgAs, and
BgP.!! Also the C » values near room temperature are quite close
to the C,, values of B¢Si (Fig. 1). This could be expected since
the compounds have a similar structure, composition, and chem-
ical bonding. The thermodynamic data for B¢Si were taken from
FactSage™ Databank.! The extrapolation of the Cp values of
BgO to higher temperatures gives large differences between the
two compounds (Fig. 1). Usually, the atomic heat capacities
of all solid elements are in the range of 3R (=24.9 J/(mol K))
where R is gas constant (rule of Dulong and Pettit). Addition-
ally, the molar heat capacity of a solid chemical compound is
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approximately equal to the sum of the molar heat capacities
of its constituent chemical elements.'> Using this rule the heat
capacity of BgSi can be estimated as 207.2J/K compared to
217.223 J/K (FACT53) or 204.716 J/K (SGPS-Database) found
inliterature at 2000 K.* It follows that the maximum heat capac-
ity of B¢O should be equal to the heat capacity of six boron atoms
plus one oxygen atom, i.e. it has to be in the same region as B¢Si.
Therefore, 213 J/K mol was chosen as the value at 2000 K and a
linear C,, function above the measured range (781 K), was intro-
duced to correct the deviation between the heat capacities of B¢O
and B¢ Siin the temperature range of 800-2300 K (Fig. 1). There-
fore, C,, function used in this work was: C, = 54.56 + 17.263 x
10727 —28.2 x 10°T2 (J/(molK)) for T<800K!® and
Cp =0.023T + 166.54 (J/(mol K)) for 7> 800 K (determined
by the approximation described).” Using the Cp values of BgSi
instead of the approximated BgO, the Gibbs free energy of for-
mation (AG) of BcO would be somewhat lower, e.g. at 2000 K
it would be —920.48 kJ/mol in comparison to —914.391 kJ/mol
for the used dataset. This difference corresponds to an error of
less than 1%. This difference can be viewed as the uncertainty
of the determined values, even for B¢Si. The data do not take
into account the fact that BgO is normally non-stoichiometric. '
The non-stoichiometry depends on synthesis conditions and is
normally in the range of B¢O, with 0.77 <x< 1. However, no
data concerning the dependence of thermodynamic data on the
oxygen content in B¢O are known. The determination of the
thermodynamic data'!~!3 was carried out on materials produced
at ambient pressure, and therefore it can be assumed that they
have a similar non-stoichiometry as the powders used in this
investigation.

Therefore in all calculations we assume the ideal composition
of B¢O.

3. Experimental

The BO powders used were produced in laboratory scale as
described in.>!9 The mean grain size of the powder was in the
range of 1 pm. The impurities introduced by the milling media
was less than 0.2%. The determination of the content of B,O3
on the surface of the BgO powder is difficult, because oxygen
analysis of the materials does not give conclusive results due to
the non-stoichiometry of the BO. The washing of the powder
in hot alcohol reduces the B, O3 surface layer as was found for

Table 1

Phase composition, density and hardness of hot pressed samples prepared by admixing BgO with Al powder and equilibrium phases calculated for the sintering

temperature

Material name Sintering conditions Density Knoop microhardness Crystalline phases formed Thermodynamically calculated
(g/em?) (GPa), 500 g after sintering equilibrium phases

17-M5.2 1700°C, 50 MPa, 20 min 1.33 - BsO, Al13B4033 BsO, AlBj3, Al,O3

18-M5.2 1800 °C, 50 MPa, 20 min 2.30 18.0£1.1 BsO, Al13B4033 BsO, AlBj3, AL, O3

19-M5.2 1900 °C, 50 MPa, 20 min 2.39 30.0£09 BsO, Al13B4033 BsO, AlBj;, Al,O3

19-M7.3 1900 °C, 50 MPa, 20 min 2.35 260£15 BsO, Al13B4033, A, O3 BsO, AlBj3, AL, O3

19-M10 1900 °C, 50 MPa, 20 min 2.46 - BsO, AlL,O3 B6O, AlBj;, A, O3

19BcO 1900 °C, 50 MPa, 20 min 2.51 35.0+£0.8 BsO BsO, AlBj3, A, O3

The theoretical density of B¢O changes from 2.49 g/cm3 for B¢Og.76 to 2.53 g/cm3 for BOgp.g4 (ICSD 81-2192 and 87-2288).
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B and BN powders.19 The expected BoO3 content on the surface
of the powder is assumed to be in the range of 1-2 wt.%. This
is a common value for non-stable non oxide powders like SiC,
BN, AIN of the same grain size.

Three sets of B¢O composite materials were prepared from
these powders by hot pressing (HP20 Thermal Technology) at
1900 °C and at pressures of 50 MPa. The details of preparation
are given elsewhere.”%1°

The first set of materials was produced from the BgO pow-
der which was dry mixed with different amount of metallic
aluminium (Saarchem; grain size of 5um) using a turbula
mixer with AlpOz-balls for 2h and then hot pressed in hBN
lined graphite dies in Ar-atmosphere (Table 1). The addition of
metallic Al was chosen to remove the remaining B,O3 in the
sample.

The second set of samples was produced from the BcO
powders CVD coated with AlOs. This was carried out by
mixing BgO and Al and NH4Cl as reactive components and
heating the mixture in a tube furnace under Ar at 1380 °C for
6h.” The coating on the surface of BgO particles was found
to be mainly Al,O3; some traces of Alj4B4033 were also
determined. The amount of Al in the composite powder was
determined by ICP AES.!° The coated samples were then hot
pressed under the same conditions as the first set of samples
(Table 2).

The third set of samples was produced from the BgO powder
mixed with two different amounts of resin (carbon source). For
this, 5 and 10 vol.% phenolic resin were added prior to the hot
pressing (Table 3). The weight loss during the pyrolysis of the
resin was 2.2 and 4.5%, respectively, so that the carbon content
in the sample before hot pressing was 2.8 and 5.5%, respectively.
In these samples some Al, O3 impurities were found, which were
not detected in the pure B¢O materials.

The samples have been named according to their prepara-
tion. For example 17-M5.2 is hot pressed B¢O composite with
5.2wt.% Al powder at 1700 °C; 19-02.2 is BgO composite hot
pressed at 1900 °C and coated with 2.2 wt.% Al in the form of
Aly0O3; and 19-CS5 is hot pressed BcO composite with 5 wt.%
resin at 1900 °C.

The sintered BgO-based composites were characterised in
terms of phase composition using the X-ray diffractometry and
scanning electron microscopy. Additionally, the samples were
polished and the hardness and fracture toughness were mea-
sured. For high magnification images, some of the samples were
polished by ion beam.!”

The fracture toughness (Kjc) was measured at indentations
with a load of 5kg. The average of five measured values was
used to determine the properties of the B¢O samples. Kjc was
measured via the DCM method, using Anstis’ equation'® and
the determined elastic constants.’

The FactSage™ software package was used for the thermo-
dynamic calculations of equilibrium phase compositions. The
thermodynamic data were used from the database FACT53 (ver-
sion 5.3) and the data of B¢O were derived in paragraph 2. The
calculations were carried out between 1200 and 2000 °C using
the starting composition of the materials assuming 1 wt.% B>0O3
in the material. In some cases the amount of B,O3 was increased

Table 2

Phase composition, density and hardness of hot pressed boron suboxide-based materials from coated powders (crystalline phases in the starting powder BgO/Al,03) and calculated phases at equilibrium

Thermodynamically calculated

Thermodynamically calculated

Crystalline phases

Fracture toughness,
Kic (MPam!”?)

Knoop microhardness

(GPa), 500 ¢

Vickers hardness,
H,s (GPa)

Density

Material
name

equilibrium phases after cooling

equilibrium phases at sintering
temperature (1900 °C)

Solid

formed after sintering

(g/em?)

Liquid

BgO, AlisB4O33
Al4B,09

B,03/A1,03

3.1 £0.1 B¢O, Al1gB4033 BeO, Al1gB4O33

31.1 £ 04

29.3 £ 0.5

2.52

19-02.2

BgO, AlisB4O33
Al4B,09

B,03/Al,03

324+02 B0, Al1gB4033 B0, AljgB4O33

30.2 £ 0.6

282+ 1.6

245

19-03.7

BgO, AlisB4O33
Al4B,09

B,03/A1,03

28.6 = 0.5 34 £0.1 BsO, Al13B4033 BsO, Al13B4033

27.8 £ 1.1

2.51

19-05.6

1615
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Table 3
Properties of the hot pressed BsO samples made by adding phenolic resin

Material name Density Vickers hardness, Fracture toughness, Crystalline phases formed Thermodynamically calculated
(g/cm3) H,s (GPa) Kic (MPam'/?) after sintering equilibrium phases after cooling

19-C5 2.46 247 £ 0.6 5.25 £0.78 B¢O, Al1gB4033 BeO, B4C, Al1gB4033

19-C10 2.41 21.5 £ 0.77 5.48 £+ 0.58 BsO, Al;13B4033, B4C BsO, B4C, Al;3B4033

or decreased to test how stable the solutions are. The calcu-
lation was done by minimization of the Gibbs energy of the
system using the EQUILIB module of the program FactSage
5.5.

4. Results

In the first set of materials, B¢O powders were admixed
with aluminium metal. The aim of this study was to elim-
inate the existing amorphous B>O3 on the surfaces of BgO
powder, which could be a possible reason of the low fracture
toughness of BgO sintered compacts described in the literature.
Table 1 shows the Knoop microhardness of the hot pressed sam-
ples as well as the calculated equilibrium phases at sintering
temperatures. The densities obtained were lower compared to
the density obtained for pure BgO sintered compact. The sec-
ondary phase after sintering was Al;gB40O33. The two possible
phases, AljgB4O33 and Al4B,Og cannot be distinguished by
XRD non-ambiguously because the main peaks of both phases
are quite similar and the phase content is low. The conclu-
sion of the formation of Al;gB4O33 was drawn on the basis
of detailed analysis of the microstructure of material 19-O5.6
using TEM!7 which allows the differentiation between the two
phases.

When the amount of Al metal was increased to 7.3 wt.%, an
additional phase, Al,O3, was identified using XRD. In contrast,
phases calculated at equilibrium were AlB1> and Al,Os.

Table 2 shows the properties of the second set of experiments
where BgO powders were coated with Al,O3 via CVD. In the
coated powders Al,O3 was observed besides B¢O. AljgB40O33
phase was identified after sintering. Thus, the Al,O3 phase
observed on the coated powder disappeared after sintering at
1900 °C. These results agree with the thermodynamically calcu-
lated equilibrium phase composition given in Table 2 for the hot
pressing temperature 1900 °C and room temperature. The results
of the thermodynamic calculations indicate an oxide liquid con-
taining Al,O3 and B>O3 co-existing at sintering temperatures
with BO and Al;3§B4033. This liquid could recrystallise to form
Al,03-B,03 compounds during cooling and the type of alu-
minium borate formed would depend on the ratio of Al,O3 to
B»03 in the liquid (Fig. 2). Additionally, the amount of Al,O3
and B;0O3 in the starting composition will strongly change the
amount of liquid phase existing during sintering and hence affect
densification of sintered materials.

The data in Tables 1 and 2 showed that the addition of Al,O3
or Al results in an increase in the fracture toughness in com-
parison to the pure B¢O materials produced in this work and in
comparison to literature data.!> The mechanism of increasing
fracture toughness will be discussed elsewhere.!”

2300 T T - T - T w T
Liquid+ Al,05
Liquid
1900 F E
Liquid+ Al15B4033
1500 E

T(C)

1100 \

700k : g Liquid+ AlB20s A
=
300 . . . .
0.00 0.20 0.40 0.60 0.80 1.00
Al,O, Weight % B,0;

Fig. 2. Calculated phase diagram of AlO3-B,0O3 system. This diagram com-
pletely agree with the diagram given in the ACerS-NIST phase equilibrium
diagrams.?0.

Table 4 shows the properties of pure BgO sample (19B¢O) and
CVD coated B¢O sample (19-05.6) which has been annealed
after hot pressing at 1900 °C. The analysis of the heat-treated
samples showed that the 19B¢O sample was stable up to 1900 °C
with slight decomposition. 3.5% mass loss was measured for
this sample. For the 1905.6 samples, a mass loss of 11% was
observed. Fig. 3 shows the optical images of the cross sections of
annealed samples at 1900 °C. When comparing the SEM images
of 19-05.6 before and after annealing, it was observed that the
amount of the secondary phase (AljgB4033) had decreased,
especially in the near surface area. Comparing SEM images
of 19-05.6 sample before and after heat treatment at 1900 °C
(Fig. 4), the Al containing compound was decomposed exten-
sively.

Table 3 shows the properties of the third set of materials,
where BgO powders were mixed with phenolic resin as a source
of carbon. The reason for adding carbon was to cause the carbon
to react with B,O3 to form B4C, which could reduce the B,O3-

Table 4
Density and weight losses of hot pressed B¢O samples
Sample name  Annealing conditions  Density (g/cm3)  Weight loss (%)
19B6cO As hot pressed 2.51 -
1900°C 2.47 35
19-05.6 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) 19B¢O; (b) 19-05.6 wt.% Al.

Fig. 4. SEM images of polished cross sections of B¢O composite 19-05.6 wt.% before heat treatment and (a) edge of the sample after heat treatment at 1900 °C.

content and may prevent grain growth of B¢O during sintering.
The BgO powder used for this set of experiments contain some
alumina borate from the alumina boat used during synthesis
of the BgO feedstock. In the sample 19-CS5, no B4C or carbon
containing phase was identified using XRD. Nevertheless, B4C
was identified in the 19-C10 sample (Fig. 5). The samples had
a slightly lower density than the samples sintered with Al,Os.
Especially the material with 10% resin shows an incomplete
densification. The material has additionally a lower hardness
but higher fracture toughness. This could be connected with the
residual porosity. More detailed investigations are necessary to
understand this behaviour.

X B0
+AlyB,Oy,
*B,C
> x
‘@
=
L
=
X
- X X A
10 20 30 40 50 60 70 80

Angle, 2Theta

Fig. 5. XRD pattern of the hot pressed 19-C5 (a) and 19-C10 (b).

5. Discussion

5.1. Comparison of experimentally observed and
thermodynamically calculated phase compositions

The thermodynamic calculations and the experimental data
show that Al, O3 or Al-borates are in equilibrium with the B¢O.
Aluminium will react with B,O3 or B¢O to form Al,Os3. The
existing B»Oj3 on the surface of the powder and the Al,O3 added
formed aluminium borates, and at high temperature an oxide
liquid. This liquid would contain B,O3/Al,03 and some BgO.
According to the phase diagram (Fig. 2) a liquid phase is formed
at 1200 °C if the AlO3/B,03 mol ratio is between 9:2 and 2:1.
All secondary phases are solved in the liquid at the incongru-
ent melting point of Al;gB4033. The detailed analysis of the
microstructure using TEM!7 and of ion beam polished sam-
ples (Fig. 6) showed that, beside the crystalline phases B¢O and
Al gB4033, a boron rich amorphous phase is formed, indicating,
that the BoO3/Al1,03 ratio is in the indicated area. The existence
of the boron rich amorphous phases, which partially decomposes
under the preparation conditions, can be shown by comparing
the prepared samples with BN samples prepared under simi-
lar conditions (Fig. 6). In both cases between the grains of the
crystalline phase boron and oxygen rich phases are found.'?

From these data it could be concluded, that the Al4B,O9
phase, which crystallises from the liquid phase during cool-
ing only at low temperatures (below 1200 °C) does not form
for kinetic reasons and a boron rich residual amorphous grain
boundary is formed beside Al1§B4033.
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Fig. 6. FESEM micrograph of the ion beam polished sample 19-05.6 (a) and of hBN material (b) prepared in the same way.

In the case of the materials of the second (Al,O3-additive)
and third set of experiments (carbon additions), the calculated
and observed phases are in good agreement.

For the first set of samples, which were produced by the mix-
ture of Al and BgO, the same borate phase was observed beside
BgO as in the second set of samples, showing the reaction of Al
with B,O3 or B¢O. The phases calculated at equilibrium were
AlB1; and Al,O3. The thermodynamic calculations of the phase
equilibrium between 1200 and 2000 °C showed the formation
10 wt.% AlB1;. Experimentally AlB1> was not observed, beside
the fact that some of the intensive peaks of the XRD pattern of
AlB1> do not overlap with B¢O and the determination of AlBj;
could be possible. The difference between the thermodynamic
calculations and the experimental results could be attributed on
the one hand to the fact that during processing the aluminium
picked up some oxygen. On the other hand, the Al can react
with BgO reducing the oxygen content in the BgO due to the
existence of the non-stoichiometry of B¢O, i.e.

3B6O + 2xAl = xAl,03 4+ 3BO(1—y) 3)

An indication for such a reaction was found by analysing the lat-
tice parameter of B¢O powders and sintered samples. Detailed
XRD analysis of the samples made with addition of Al,O3
had shown that the lattice parameter of B¢O changes from
a=0.5370£0.0001 nm to 0.5390 £ 0.0001 nm in the sintered
samples without additives and also with Al,03 additions.® This
indicates that some additional oxygen was incorporated into
the BO lattice during densification. In'® it was shown that the
oxygen content can strongly vary with the temperature of syn-
thesis of BO. Assuming the reduction of the oxygen content of
B¢O, the formation of AlBj> would no more be expected. But
this would still not explain the formation of aluminium borates,
because this would necessitate the stability of BoO3 also. As it
was mentioned before, the determination of B,O3 in the starting
powder is complicated, but calculations with B,O3 contents of
up to 3 wt.% yielded unchanged results. The possible explana-
tion could be: The area of coexistence of AlO3 and Al1§B4033
depends on the non-stoichiometry of B¢O;_,. For low oxygen
content (high x values) it could be in equilibrium with Al,O3
and for high oxygen content with Al;gB4033. Such behaviour
is quite common for phases with a homogeneity region. Addi-
tionally, the calculations do not take into account the solubility

of B¢O in the liquid phase. If the composition of the liquid in
equilibrium with B¢O1_, is more B, O3 rich, the composition of
BsO would not change completely to the equilibrium ones dur-
ing cooling. Further investigations of the phase equilibria are
necessary to understand this.

The thermodynamic calculations showed that at low temper-
atures, carbon is in equilibrium with the BgO and reacts with
B,03 forming BO:

8C + 3B203 = BcO + 8CO )

This reaction strongly depends on the CO-partial pressure
and therefore the stability of the liquid B>Oj3 during sintering
strongly depends on transport of CO. At 1544 °C, the CO partial
pressure reaches 1 atm resulting in strong reduction of the B,O3
in a system with a fixed pressure of 1 atm.

Carbon can react also with B¢O:

2Bs0O 4 5C = 3B4C + 2CO 4)

The formed CO partial pressure is lower than the equilibrium
pressure of reaction (4). Therefore the reaction takes place only
after decomposition of B>0s.

At 1616 °C, the CO partial pressure of reaction (5) reaches
1 atm and carbon strongly reduces B¢O forming B4C and CO.
The added carbon therefore reduces on the one hand B,O3 and
evaporates as CO and, on the other hand forms B4C. The fact
that for the sample with the low carbon content the formation of
B4C could not be determined is the result of the consumption
of carbon by the formation of CO and reduction of BO3. The
CO partial pressures of the two reactions as a function of the
temperature are shown in Fig. 7. The areas of the stability of the
different phases are shown, which are separated by the lines.

Even if the thermodynamic calculations suggest that B4C
would be decomposed at low temperatures, this would be
unlikely to happen during cooling or heating due to kinetic rea-
sons. Therefore the use of B4C in BgO/B4C composites will
result in more reproducible results of sintering due to reduced
interaction. This means that regardless of the starting compo-
sition, B¢O and B4C phases would be present at the sintering
temperature (1900 °C) except when the overall pressure in the
system is increased, for instance, to 10 atm. In such a condition,
C could be stable at sintering temperature and B4C only forms
at about 1925 °C.
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Fig. 7. Partial pressure of CO for the two solid systems, B¢O/B,03/C and
BsO/B4C/C.

5.2. Decomposition at high temperatures and sintering

In Fig. 8 the calculated compositions of the gas phase as
a function of temperature are given for B¢O/B,O3 and for
B¢O/B;03/Al>,03 compositions. Two things can be derived from
these calculations. The addition of Al, O3 lowers the partial pres-
sure of the boron-containing compounds by a factor of 2 at

(@) T T 7 !

0 Ar

log4o(Pi/Po)

1619

sintering temperature (compare Fig. 8a and b). This helps to
stabilize the liquid phase during sintering. The role of Al,O3-
addition is to reduce the activity of BoO3 in the oxide melt and
therefore the partial pressures.

Independently on the drop of the partial pressures due to
the addition of Al,O3 the partial pressures of Al and boron
containing species are still high (AIBO, partial pressure is
4.1 x 10~*atm and (BO), are in the range of 10~2atm at
1900 °C). This causes a strong decomposition of the liquid phase
by simple evaporation of BO3 and by interaction with B¢O. This
reaction can be summarised as:

2B¢0 + 5(Al,03 + B,03) liquid = 6(BO), + 10BAIO,  (6)

The partial pressure of (BO); is higher than that of AIBO; there-
fore the liquid/grain boundary phases will be enriched with
Al,O3 during sintering. Under the heat treatment conditions
the evaporation is so intensive that nearly the complete grain
boundary phase evaporates, resulting in the low density and high
porosity. These high partial pressures make it complicated to
densify the material without external pressure.

The (BO); and B>0O3 have the highest partial pressure in the
system BgO/B,0O3. The first is formed due to the interaction
between BgO and B>0O3. The second is caused by simple evapo-
ration of BoOs3. After the decomposition of B,O3 existing in the
pockets between the B¢O grains, the partial pressure drops and
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Fig. 8. Composition of the gas phase for materials (a) B¢O-2 wt.% B,03; (b) BO—4 wt.% Al,03-2 wt.% B,03 and for (c¢) pure BO.
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of sintering temperature. (a) Density of B¢O samples hot pressed at 1900 °C as a
function of the amount of Al added, and the amount of Al in the coated samples
(coating consists of Al,O3) (b).

the decomposition will strongly be retarded (see Fig. 8a and c).
Therefore the heat treatment of the pure B¢O results in a relative
low weight loss and only a small reduction of the density.

Fig. 9a shows the graph of the density as a function of temper-
ature for the coated B¢O with 5.2 wt.% Al additive and Fig. 9b
shows the graph of density as a function of the amount of Al
added for BcO composites (first and second set of materials
(Tables 1 and 2). The hot pressed BgO materials with Al,O3
coating up to 5.6 wt.% Al showed some scattering of the reached
densities. The densities of the samples with the lowest amount
of Al (19-02.2) had a highest density, 2.52 g/cm?. The sample
with highest amount of Al (19-O7.2) had the lowest density,
2.37 glem?.

Thermodynamic calculations of the amount of liquid in the
material as a function of the Al,O3 content in the material
(Fig. 10) showed that changes in the BoO3 and Al,O3 content
strongly affect the amount of liquid phase formed at different
temperatures and hence strongly influence the densification. It
has to be mentioned that the calculation of the amount of lig-
uid phases do not take into account the solubility of BgO in the
liquid. Therefore this information can only be used for the quali-
tative explanation of the sintering behaviour. Decreasing amount
of BoOs at constant Al,O3 content reduces the amount of liquid
existing during sintering at lower temperatures. The amount of

7
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Fig. 10. Amount of liquid phase as function of temperature and ratio of
B,03/A1,03. (a) 1:1; (b) 1:3; (¢) 1:5. Concentration of B,Oj3 is 1 wt.%.

liquid phase strongly increases with increasing temperature due
to the increased solubility of AljgB4O33 in the liquid, which
melts at 1950 °C. This is consistent with the calculated phase
diagram (Fig. 2) and the experimental phase diagrams.?” At tem-
peratures above the melting point of AlgB4033 the amount of
liquid decreases due to the enhanced evaporation of the liquid
phase. Therefore only a small temperature interval exists for
densification. With increasing Al,O3 content at constant B,O3
content, the amount of liquid phase reduces due to the forma-
tion of higher amount of AljgB40Os33. At constant Al,O3 the
increase of the amount of B,O3 will increase the amount of liquid
phase, but also the partial pressures of B,O3 and (BO); increases
resulting in higher decomposition. Additional it will result in an
unstable, very soft boron oxide rich amorphous grain boundary
phase. Therefore this would not be an option for improving the
sintering behaviour.

The addition of Al reduces, at least partially, the amount of
B,03 in the material. Therefore the density of materials with
added metallic Al strongly reduces with increasing Al content.
For the sample with very high amounts of Al,O3 (10.4 wt.% Al,
i.e. with nearly 20 wt.% Al;O3) the density increases slightly.
This could be caused by the higher density of Al,O3 and the
high amount of Al,O3 which sinters normally at much lower
temperatures. Nevertheless this material is still porous.

These results suggest that the mechanism of densification
of the materials is that of liquid phase sintering. Also the
microstructural figures support this finding (Figs. 4 and 6) as well
as TEM investigations carried out and published elsewhere.!’

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

6. Conclusion

B¢O composites were prepared by hot pressing of BgO
powder with alumina, aluminium and carbon additions. Dense
materials were achieved at 1900 °C. The resulting materials have
increased fracture toughness in comparison to the pure B¢O
samples and nearly the same hardness as pure B¢O composites.
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Thermodynamic properties of B¢O have been estimated up
to 2300K and validated using the secondary phases formed
in the investigated materials. The data allow the prediction of
the stability of the liquid and crystalline phases. Therefore they
can form the basis for the search of new sintering additives
that would allow the sintering of the composites at lower
temperatures. Thermodynamic calculations of BgO composites
and the observed microstructure support the conclusion that the
mechanism of densification of the B¢O/Al,O3 composites is, at
least predominantly, liquid phase sintering. The experimental,
as well as the calculated results, reveal that the densification
depends strongly on the composition of the starting materials,
with B>O3 normally present on the surfaces of starting BgO
particles playing a major role in the densification and hence the
hardness and fracture toughness of the sintered composites.
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