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Fabrication and oxidation behavior of LaB6–ZrB2 composites
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Abstract

LaB6–ZrB2 eutectic composites were sintered by hot pressing. The oxidation behavior of LaB6–ZrB2 eutectic composites was studied in
the temperature range of 600–1300◦C. It was shown that the sample weight increased with increasing oxidation temperature and prolonging
holding time. The rate of weight change was described bykp = 6.24×10−4 exp(−38, 940/RT) g2/m2 s, but it changed according to the change
of oxidation time at 1200◦C. Weight gain was evident in less than 1 h, but it slowed down subsequently due to the evaporation of B2O3. The rate
of weight change increased abruptly at 1300◦C. The oxidation resistance of LaB6–ZrB2 composites was higher than that of monolithic LaB6.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Lanthanum hexaboride (LaB6) has excellent properties,
such as high rigidity, low electron transmission work and
high transmission stability[1–3]. It is widely used as cathode
emission materials and structural materials[4,5]. However,
LaB6 will be oxidized when it is used at high temperature,
which will not only shorten its life, but also degrade its prop-
erties at high temperature. Paderno et al.[6] fabricated the
LaB6–ZrB2 composites by using a radio frequency heating
zone melting method and found that the composites not only
have good fracture toughness (up to 20–28 MPa m1/2), high
bending strength (up to 1200 MPa), but also have good elec-
tron emission properties. Chen[7] analyzed the oxidation
behavior of LaB6–ZrB2 composites at high temperature and
found the composites have excellent microstructure stabil-
ity below 1650◦C. These researches all concern LaB6–ZrB2
single crystals. Few papers have systematically described
the fabrication and oxidation behavior of LaB6–ZrB2 poly-
crystals. The aim of this work is to investigate the possibil-
ity of synthesizing LaB6–ZrB2 eutectic composite powders
by “one step” method, i.e., the boron carbide method, and
to analyze the hot pressing sintering technique for prepar-
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ing LaB6–ZrB2 polycrystals. The oxidation behavior of the
composites at high temperature was also studied.

2. Experimental

The LaB6–ZrB2 eutectic composite powders were syn-
thesized using the boron carbide method. The raw materials
were La2O3 with a purity of 99.9%, B4C with a purity of
95%, ZrO2 with a purity of 99% and carbon powder. The
La2O3, ZrO2, B4C, and carbon powders were mixed in the
desired molar ratio (La2O3/ZrO2/B4C/C = 1:2:4:3).

The LaB6–ZrB2 polycrystals were sintered by hot press-
ing under vacuum. In this work the sintering was conducted
at 1800◦C, with a holding time of 2 h and a pressure of
35 MPa.

The cuboids of 4 mm× 4 mm× 2 mm specimens were
cut from the sintered bodies and machined with a 600-grit
diamond wheel and subsequently polished with diamond
slurries down to 1�m. In order to easy to observe cross
section after oxidation, a fine figure of V was made on the
4 mm× 4 mm section. Before oxidation, the samples were
ultrasonically cleaned in acetone, alcohol and water and
were dried in air at 200◦C.

Isothermal oxidation in air was carried out in an electric
furnace heated at a rate of 10◦C/min. Polished specimens
suspended at the end of a platinum wire, were inserted into
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the hot zone from above. After oxidation, the specimens
were taken out from the furnace rapidly in order to measure
the weight change.

The samples before and after oxidation were weighted
using electronic balance with high sensitivity and the law
of weight change was investigated. In this paper, the best
technics of producing LaB6–ZrB2 powders and the oxida-
tion products formed on the surface were analyzed by X-ray
diffractometer (XRD). The microstructure of sintered poly-
crystals at different oxidation stages was observed through
scanning electron microcopy (SEM).

Three-point-bend tests were used to determine the bend-
ing strength of the LaB6–ZrB2 polycrystalline with a load-
ing rate of 0.5 mm/min and a span of 20 mm.

3. Results and discussion

3.1. Synthesis techniques

The XRD analysis results of LaB6–ZrB2 eutectic com-
posite powders with a holding time of 2 h at different tem-
peratures were shown inFig. 1. It can be seen that only B4C
phase existed at 800◦C, which showed that La2O3 had re-
acted with B4C and ZrO2 had reacted with B4C and C. The
diffraction peaks of B4C powder were not detected when
the temperature attained 1000◦C, but the LaB6 and ZrB2
phases did not appear. They began to appear at 1200◦C,
at the same time a transition phase LaBO3 produced. Of
the three phases, the intensity of the diffraction peaks of
the ZrB2 phase was the strongest. At 1400◦C, the transi-
tion phase disappeared and only the LaB6 and ZrB2 phases
remained. So the optimal conditions for synthesizing the
LaB6–21%ZrB2 composite powders were a holding time of
2 h at 1400◦C, under vacuum.

Fig. 2shows scanning electron micrographs of LaB6–ZrB2
composite powder, LaB6 powder and ZrB2 powder. From

Fig. 1. XRD patterns of the products obtained at different temperatures for 2 h holding time.

the figure, the microstructure of LaB6–ZrB2 composite
powder was similar to that of ZrB2 powder, but different to
that of LaB6 powder.

By experiment, compared with LaB6 powders, the
LaB6–ZrB2 composite powders had good uniform extension.
They were easy to mix and allow to obtain polycrystalline
materials with high density by hot pressing. In this exper-
iment, the relative density of LaB6–ZrB2 polycrystalline
attained 0.97Dtheor and the bending strength (290 MPa) was
higher than that of LaB6 single crystal (200–250 MPa).

3.2. Oxidation behavior

3.2.1. XRD analysis
Fig. 3 shows X-ray spectra of LaB6–ZrB2 composite

polycrystalline before and after oxidation at different tem-
peratures for a holding time of 6 h. There were only LaB6
and ZrB2 peaks before oxidation and a similar result was
obtained for the sample exposed in air at 600◦C for 6 h.
When the temperature attained 800◦C, LaB6 was oxidized
and produced white LaBO3, yet ZrB2 was not oxidized,
which indicated the beginning oxidation temperature of
LaB6 was lower than that of ZrB2. With increasing oxida-
tion temperature, the intensity of LaB6 diffraction peaks
decreased and LaBO3 increased. So, it can infer that the fol-
lowing oxidation reaction of LaB6 from 800 to 1000◦C was
occur:

4LaB6(s) + 21O2(g) = 4LaBO3(s) + 10B2O3(s) (1)

However, the B2O3 phase was not detected. It was be-
lieved that the samples were quenched in air during the
course of drawing the samples rapidly out of the furnace
and that the liquid B2O3 was not able to crystallize before
solidification.

When the samples were exposed to air at 1100◦C,
the LaBO3 phase disappeared and La(BO2)3 and ZrO2
diffraction peaks were detected, suggesting these oxidation
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Fig. 2. SEM micrographs of different powder: (a) LaB6 powder; (b) LaB6–ZrB2 composite powder; (c) ZrB2 powder.

reaction were occurred at 1000–1100◦C. ZrB2 was oxidized
completely to ZrO2 at 1100◦C.

LaBO3(s) + B2O3(s) = La(BO2)3(s) (2)

ZrB2(s) + 2.5O2(g) = ZrO2(s) + B2O3(s) (3)

The appearance of La(BO2)3 can be explained by the
La2O3–B2O3 phase diagram, which shows that when there
is more B2O3 than La2O3, La(BO2)3 will appear.

When the oxidation temperature attained 1200◦C, La2O3
phase appeared on the surface structure due to the evapora-
tion of B2O3. LaB6 was oxidized completely until 1300◦C
and only La2O3 phase and ZrO2 phase were detected at
1300◦C.

3.2.2. Effect of temperature on oxidation of the LaB6–ZrB2
eutectic composites

The oxidation behavior of LaB6–ZrB2 composites was
studied in the temperature range 600–1300◦C, and the spe-
cific weight changes versus time were shown inFig. 4.

Fig. 3. XRD spectra of oxidation results of LaB6–ZrB2 polycrystalline at
different temperatures with 6 h holding time.

Below 1100◦C, the oxidation behavior is parabolic with(
�m

A

)2

= kpt (4)

where�m is the increasing weight of LaB6–ZrB2 sample;
A, surface area;kp, kinetic constant. Oxidation rates follow
Arrhenius’s law:

kp = B exp

(−Q

RT

)
(5)

whereQ is the activation energy of oxidation;B, a coeffi-
cient;R, gas constant;T, oxidation temperature (K).

By calculation, Q in the range 600–1000◦C was
38.94 kJ/mol,kp = 6.24× 10−4 exp(−38, 940/RT) g2/m2 s.

By weight and calculation, the rates of weight change per
minute were shown onTable 1. It showed that the rate of
weight change of LaB6–ZrB2 composites was lower than
that of LaB6 at the same temperature. So the oxidation re-
sistance of LaB6–ZrB2 composites was higher than that of
monolithic LaB6.

When LaB6–ZrB2 was exposed to air at temperatures
higher than 1200◦C, the weight change curves deviated from
parabolic behavior. Thus, the oxidation proceeded in accor-
dance with the parabolic law during the initial stage, imply-
ing that the formed oxide layer acts as a protective layer,
causing the oxidation rates to be determined by the diffusion
of oxygen through the oxidation layer. The scaling rate in-
creased obviously at 1100◦C due to the beginning of ZrB2
oxidation. At 1200◦C, during the first 2 h, a rapid weight

Table 1
The rate change of LaB6–ZrB2 composites and LaB6

Temperature (◦C) Rate of weight change per minute (mg/cm2 min)

LaB6–ZrB2 composites LaB6

600 0.0077 0.00775
800 0.01153 0.01273

1000 0.0185 0.0216
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Fig. 4. The weigh change of LaB6–ZrB2 eutectic composites.

gain occurred. However, this weight gain was followed by
a slight loss, as shown inFig. 4 due to the evaporation of
B2O3. At 1300◦C, the oxidation productions became La2O3
and ZrO2, so the rate of weight change increased abruptly.

Fig. 5 showed scanning electron micrographs of the sur-
faces of oxidized LaB6–ZrB2 at different oxidation condi-
tions. When the specimen was exposed to air at 1000◦C
for 6 h, some parts of the surface became rough, as shown
in Fig. 5a. According to the XRD analysis, this was be-
cause parts of LaB6 grains were oxidized to LaBO3. In-
creasing the oxidation temperature to 1100◦C a continuous

Fig. 5. Microstructures of the surfaces of the oxidized LaB6–ZrB2 eutectic composites at different conditions: (a) 1000◦C, 6 h; (b) 1100◦C, 6 h; (c)
1200◦C, 6 h; (d) 1300◦C, 6 h.

oxide layer composed of an amorphous phase La (BO2)3,
ZrO2, and LaB6 was formed making the surface of sample
rougher (Fig. 5b). As the oxidation temperature increased
to 1200◦C, many cracks appeared on the oxidation surface
which perhaps resulted from the difference in the coefficient
of thermal expansion between the oxide layer and LaB6
and many cavities were generated on the surface which was
probably caused by the evaporation of B2O3 (Fig. 5c). From
Fig. 5d, some large holes exist on the surface of oxidation
film, so the film could not protect the inside structure at this
time.
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4. Conclusions

The LaB6–ZrB2 composite powders were synthesized by
“one step” method, i.e., the boron carbide method. Poly-
crystalline materials with high density were obtained by hot
pressing sintering.

LaB6 is oxidized earlier than ZrB2; The oxidation re-
sistance of LaB6–ZrB2 composites is higher than that of
monolithic LaB6.The rate of weight change of LaB6–ZrB2
composites obeys the parabolic law below 1100◦C; The
rate of weight change decreases at 1200◦C due to the
evaporation of B2O3; The rate of weight change increased
abruptly at 1300◦C. When the oxidation temperature is
high, many cracks appear on the oxidation surface which
perhaps resulted from the difference in the coefficient of
thermal expansion between the oxide layer and LaB6 and
some holes appear due to the evaporation of B2O3. The
films have could not protect the inside structure at 1300◦C.

Acknowledgements

This research was jointly supported by Shandong Out-
standing Young Scientist Foundation and Shandong High
Technology Foundation (GXB991).

References

[1] V.N. Paderno, Y.B. Paderno, A.N. Pilyankevich, The micro-mecha-
nical properties of melted boride of rare earth metals, J. Less-
Common Met. 67 (1979) 431–436.

[2] M. Mushiaki, K. Akaishi, T. Mori, LaB6 coating to reduce the out-
gasing rate of a vacuum wall, Mater. Sci. Eng. A 163 (1993) 177–
179.

[3] M. Nakamoto, K. Fukuda, Field electron emission from LaB6 and
TiN emitter arrays fabricated by transfer mold technique, Appl. Surf.
Sci. 202 (2002) 289–294.

[4] R. Shimizu, H. Onoda, H. Hashimoto, Oxygen-enhanced thermionic
emission pattern of hemispherical single-crystal LaB6, J. Appl. Phys.
55 (1984) 1379–1387.

[5] Z.L. Lin, A study of LaB6 cathode is used in RF electron gun, High
Power Laser Particle Beams 9 (1997) 591–595.

[6] Y.B. Paderno, V.N. Paderno, V.B. Filippov, Some peculiarities of
structure formation in eutectic d- and f- transition metals boride alloys,
Boron Rich Solids, AIP Conf. Proc. 231 (1990) 561–569.

[7] C.M. Chen, Ph.D. dissertation, Northwestern Polytechnic University,
Xian, China, 1997.


	Fabrication and oxidation behavior of LaB6-ZrB2 composites
	Introduction
	Experimental
	Results and discussion
	Synthesis techniques
	Oxidation behavior
	XRD analysis
	Effect of temperature on oxidation of the LaB6-ZrB2 eutectic composites


	Conclusions
	Acknowledgements
	References


