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Abstract

This paper investigated the oxidation behavior of LaBg in the temperature range of 700-1185 °C. The results obtained by ther-
mogravimetric analysis (TGA) showed that the initial oxidation has parabolic kinetics in the temperatures between 800-945 °C. The
oxidation process exhibited temperature dependence with an activation energy of 195+ 15 kJ/mol in air and in pure oxygen atmos-
phere. Two possible reactions, either the evaporation of B,Oj3 species (occurring =945 °C) or the oxidation of surface LaBg
(<800 °C), influence the oxidation mechanism to be interfacial reaction control, which results in mass loss deviating from parabolic
behavior. The details of the microstructure evolution of the formation of glass and crystalline La(BO,); grains are investigated. The
effects of porosity, the melting of La(BO,);, coarsening of La(BO,); grains are reported and discussed.
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1. Introduction

LaBg is an electron-offering material, which has been
extensively used as the material of electronic guns for
thermal emission electron microscope. The covalent
bonds between boron atoms cause high melting temp-
erature, and can be useful for the application in the high
temperature environment. Similar to the borides of the
fourth, fifth, and sixth periodic groups, LaB¢ has
metallic appearance and properties, which are evidenced
by their high electrical conductivity, low working func-
tion, and positive temperature coefficient of electrical
resistance.’

Previous literature has studied mainly on ZrB, or the
other rare earth borides, but not on the LaB¢ material.
Berkowitz-Mattuck® reported that the oxygen-con-
sumed law of ZrB, between 927-1727 °C was only
parabolic relation was observed. For the temperatures
greater than 1127 °C, the activation energy of the oxi-
dation of ZrB, is 321 kJ/mol. Below 1127 °C the acti-
vation energy is much lower about 105 kJ/mol. The
summary of the test results is shown in Table 1.
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The mechanisms of the oxidation of ZrB, are different and
may be influenced by the presence of oxidized product
B>0O3, which would vaporize at high temperature. When
the temperature is lower than 1027 °C, the parabolic
rate constant appears increasing with oxygen partial
pressure.?

Similarly, Tripp and Graham* reported the oxidation
test of ZrB, in the range of 800-1500 °C. When the
temperature is below 1000 °C, the activation energy is
about 105 kJ/mol, and activation energy is 196.5 kJ/mol
when higher than 1000 °C. The oxidation results
showed an increasing deviation from parabolic law with
increasing temperature, which might also concern
with the vaporization of B,O3. They reported when the
temperature was greater than 1000 °C, B,O3 had an
appreciable vapor pressure, since the B,O; melted above
450 °C,* at which ZrO, was produced and mixed with
the llquld B203.

The oxidation of TiB, was also investigated>® The
TiB, starts to oxidize from 400 °C, and the oxidation
resulted in crystalline TiO, and amorphous B,Oj; at
about 1000 °C” under high oxygen partial pressure.
Table 1 also shows the data of obtained from various
borides, e¢.g. HfB, and LaB¢—ZrB, composite. It is noted
that the activation energy of the LaBs—ZrB, composite
is determined to be 130 kJ/mol which is identical to that
of LaBg at the temperature range of 912-1053 °C.8
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The objectives of this research are to confer the oxi-
dation kinetic behavior of LaBg at high temperature,
and report the temperature dependent behavior. We
also investigate the oxidizing microstructure by SEM
and TEM, to realize the effects of oxidation temper-
ature, atmosphere, and porosity in bulky LaBg

2. Experimental procedure

LaBg samples are 99.5% in purity and have a sintered
density of 3.61g/cm?, which is correspondent to 13
vol.% open porosity. Sample surfaces were ground by
No. 1000 mesh SiC sandpaper, and cleared in a super-

Table 1
Activation energy of various borides oxidized in specified condition
Material Temp. Q, kJ/mol Ref.
range (°C) (kcal/mol)
ZrB, 1127-1727 321 (77+5) Berkowitz (1966)?
927-1127 105 (25+6)
ZrB, 10001500 196.5 (47) Tripp et al. (1971)*
800-1000 105 (25)
HfB, 1200-1560 196.5 (47) Berkowitz (1966)?
LaBsZrB, 912-1053 130 (31) Chen et al. (2001)8
LaBg 912-1053 130(31) Chen et al. (2001)8

(b

Fig. 1. (a) SEM and (b) TEM micrographs of polished LaBs without
heat treatment, and the diffraction pattern of one LaBg grain.

sonic bath for 15 min. Each pure LaBg sample blocks in
about 1x1x0.5 cm® dimensions were prepared and
measured by precise micro-meter after cutting and pol-
ishing the surface. Fig. 1 shows the surface morphology
of as-polished LaB¢ bulky sample. The pore size on the
surface is about 1-3 pm.

The oxidation behavior of LaBg was studied by a
thermogravimetric (TG) system (CHAN 2000, Japan)
between 700—1185 °C with an air or pure oxygen in a flow
rate of 100 mL/min. The TGA equipment was connected
with a bottom-heated furnace, which would allow the
sample sliding into testing hot zone of the furnace and
getting equilibrium in 1 min. Therefore, the mass change
could be detected precisely at every set temperature.
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Fig. 2. Mass gain per unit area of bulky LaBg versus testing period in
the temperature range of (a) 700-945 °C, and (b) 945-1138 °C. The
samples were tested in air.
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The samples were also examined by XRD (Philips
PW1710, Philips Co., Netherlands) to evaluate the
crystal phases resulted from the oxidation of LaBg
undergone the thermal treatment in TGA. SEM(Philips
XL30—SEM, Netherlands and Field Emission SEM,
Leo Instrument 1530, England)—equipped with Energy
Dispersive Spectrum (EDS) and was also used to
observe the change of the microstructure of as-received
and thermally treated samples. Amorphous phase was
analyzed by the TEM (Jeol 100CXII, and Hitachi
Model HF-2000 FEEM, Japan). In order to get repre-
sentative thin foil samples for TEM observation, the
thin foil samples were tested by TGA at 800 °C and
945 °C for 30 s to 8 min, then ion-milled again for 5
min. The oxide scale and partially oxidized grains were
retained and could be observed by TEM.
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Fig. 3. Oxidation period as a function of specific mass change illus-
trating best fitted lines taken from the first few data points. The values
of x are the slopes of the broken lines.

3. Results and discussion
3.1. Oxidation kinetics of LaBg

The mass change of the samples tested in the tem-
peratures ranging from 700 °C to 1188 °C is shown in
Fig. 2. The mass change data were continuously col-
lected for a period of time (less than 32 min) at each
temperature. The mass change as a function of time in
the range of temperatures 700-945 °C behaves different
than that recorded at temperature higher than 945 °C.
In the temperature range of 1040-1138 °C [Fig. 2(b)],
the mass gain of every curve stops within 2 min. The
same behaviour was also found for those sample tested
at 970-1040 °C, but takes longer time to reach mass
equilibrium. According to the data tested below 970 °C,
the relationship between mass change (Am) per unit
time (¢) and unit surface area (4) may obey the follow-
ing rate equation.

(Am/AY = kpt. ()

The relation between In(Am/A4) and In(t) is shown in
Fig. 3. Taking the best fitting of the slopes in the range
of the first 7 data points in Fig. 2(a), the best fitting
slopes in the graph give the values of x, which tells the
oxidation dependence on time in this system. The value
of x of every fitting slope is obtained and shown in
Table 2. The oxidation behavior of the tests between
850-945 °C obeys the parabolic law when the value of x
approximates to 2.0. So the main mechanism in the
temperature region (850-945 °C) is diffusion control,
which is limited by the diffusion of reactant through the
oxidation products.

Fig. 3(a) and (b) depict that the values of x can be less
than 2.0, and as small as 1.25. The result may indicate
other reactions, e.g. surface-control or the evaporation
of oxides, also affects the behavior of mass change. The
oxidation of LaBg deviates from diffusion control at
temperatures below 850 °C and greater than 945 °C.

Due to the values of x approximate to 2.0 below
945 °C, we obtain the relation of square specific mass
change (Am/A)? to the time (¢), and shown in Fig. 4.

Table 2

Time exponent (1/x) of the oxidation tested at various temperatures

Temperature ( °C) X
700 1.3
800 1.7
850 1.9
875 2.0
900 1.9
945 1.9
995 1.4
1040 1.4
1138 1.25
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The relationship shows that the oxidizing mass may
deviate from linear dependence after holding at the
temperature for a period of time. If taking the initial
slope k, fitted from first 7 data points, the scaling
rate constant in Eq. (1) can be obtained at different
temperatures. The value of k, increases with raising
temperature in the range of 800-945 °C on account of
the faster oxidizing reaction rate. The value of activity
energy of the oxidation can be calculated from the Eq.
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Fig. 4. Specific mass (Am/A) changed as a function of oxidation per-
iod at temperatures 800-945 °C.
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Fig. 5. Specific mass (Am/A) changes as a function of oxidation
period tested in pure oxygen at temperature range from 700-850 °C.

A comparison of the test was also conducted in
high-purity oxygen (99.99%) atmosphere by TGA, but
conducted at the temperatures ranging from 700 °C
to 850 °C. The mass changes as a function of testing
time are shown in Fig. 5.
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Fig. 6. Arrhenius plot of oxidation test of pure LaBg4 indicating an

activation energy Q =195+15 kJ/mol in air and 0 =200+£10 kJ/mol
in pure oxygen.
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Fig. 7. XRD patterns of LaB¢ oxidized at specified temperature in air.
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The rate constant k,, of both tests is plotted in Fig. 6
as a function of the inverse of temperature (1/7). The
activation energy of the oxidation in air and in pure
oxygen is 195+ 15 kJ/mol and 200+ 10 kJ/mol, respec-
tively. The activation energy values are nearly identical,
but greater than that (130 kJ/mol) of LaB¢s~ZrB, com-

posites reported in literature.® The diffusion control
mechanism of the LaBg oxidation takes place due to the
presence of dense oxide scale (either glassy or crystal-
line). Rich oxygen atmosphere favors the formation of
the oxidized layer. Without the layer or if the layer is in
porous state, the oxidation is partially controlled by the

Fig. 8. SEM micrographs of the cross section of the sample calcined at 945 °C for 20 min in air with a flow rate of 100 mL/min. (b), (c), and (d) are
the higher magnification images at different positions in (a) respectively. Where ““P” represents the pure LaBg, and ““O” is oxide, La (BO,);..

(b)

Fig. 9. (a) Back scattering SEM micrograph of the LaB¢ cross-section sample calcined at 800 °C for 40 min; (b) TEM BF micrograph of LaBg and
EDS spectrum of the center glass pocket calcined at 800 °C for 4 min in airflow with air flow in 100 ml/min.
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Table 3

Semi-quantitative EDS result of a glassy phase shown in Fig. 9(a)
Element wt.% at.%
B 38.16 79.80
(0] 8.10 11.45
La 53.74 8.75
Total 100.0 100.0

interfacial reactions. As a consequence, the time expo-
nent of the reaction kinetics (Table 2) shows 1.25 to 1.7
in the other temperature regions.

3.2. Crystalline phase evolution

Fig. 7 shows the XRD results of oxidized LaB¢ from
800—1138 °C. The original pattern of LaBg is also shown
at the bottom of Fig. 7, which is a cubic structure by the
JCPD file.” When the testing temperature is higher than
700 °C, oxide layer starts to produce, as predicted by
previous TGA tests. At the temperatures of >945 °C, a
compound (La(BO,);)'® with monoclinic structure is
formed, which is consistent with the report by Levin et
al.'" From the XRD results, the reaction in stoichio-
metry can be simply shown as below.

2LaBg + 10.50; — 2La(BO2)3crysay+3B203gasyy  (3)

0.51 m

La(BO;);[400]zone

¢ 2020s Y
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But later electron microscopic observation provides
the composition of the newly-formed glass to be rich in
La. It means that the first reaction product is La—B-O
glass. The La(BO,); crystals nucleate and grow from the
La—B-O glass afterward. The reaction can be expressed
more precise as below.

2LaB¢ 4+ 10.50, — Laz—Blz—Ozl(g1ass)
— XxLa(BO2)3(¢rystan +Laz-x B12-3xO21-6x(glass) 4)

The melting temperature of B,Os is ca. 450 °C. B,Os-
species may evaporate in the oxidation process when the
temperature is higher than 1000 °C.'> When the temp-
erature is close to 1000 °C, the evaporation of B,O;
could be obvious.!> Therefore, the oxidation mass
change might be a result of the evaporation of B,O5 at
the temperatures >995 °C. Then, part of the curves in
Fig. 3(b) does not obey the parabolic law.

One cross section of partially oxidized LaBg is pre-
pared and shown in Fig. 8(a). The bulky sample has
been calcined at 945 °C for 20 min. The left side is the
surface of the sample exposed to oxidation. The features
of oxide scale revealed by the images appear less visible
in the pores far away from the skin layer. Based on
this evidence, it is concluded that the oxidation is only
limited on the skin layer which is about 100 um deep.

(@

Fig. 10. TEM micrographs of LaBg calcined at 800 °C for 8 min in airflow. The BF images show (a) both oxide and glassy phase in the center, and
(b) nearly crystallized region with micro-porosity. (c) The DF image of column shaped with a La(BO,); phase indexing as the diffraction pattern.
(d) SEM micrograph of the oxide scale on the LaBg surface oxidized at 800 °C for 20 min.
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3.3. Microstructure evolution of oxide scale

The TEM image [Fig. 1(b)] reveals the grains of LaBg
in sizes about 3—5 um. The diffraction pattern (DP) in
Fig. 1(c) shows the 4-fold symmetry of the LaBg crystal.
In addition to the micrometric open pores appeared in
Fig. 1(b), there are some closed pores remained inside of
the grains. Those submicron pores do not connect each
other. They can be the residue from incomplete sintering.

There is an evidence of glass segregation, as shown in
Fig. 9. The back scattering electron (BSE) micrograph

La(BO,);[11-1]zone
LaB; [001§zone a(BO)sL11-1]z0me

Fig. 11. TEM micrographs of LaBg calcined at 945 °C for (a) 30 s
(b) 8 min in airflow. The inserted diffraction pattern shows the La(BO,);3
phase of the particle in the indicated region. (c) The correspondent DP
of the regions shown in (b), either pure LaBg or oxide scale, La(BO,)s.

of the polished cross-section surface [Fig. 9(a)] appears
that the dark features at the center and upper right-
hand-side of the image is the glassy phase. The compo-
sition of the region analyzed by EDS shows rich in O
and La contents. It is believed that the position is ori-
ginally a pore, which may fill in liquid phase (La—B-O
glass) during oxidation. The light gray features are the
grains of pure LaBg. From the EDS result (Table 3), the
glassy phase composed of La, B and O, and residual
pores.

The detail observation of TEM microstructure is
shown in Fig. 9 (b). There was a glassy region in the
center of the BF image with size of 2-3 pm in diameter,
which might be a hole originally. The glassy phase filled
in the open holes, but remained small porosities from
the evaporation of glassy phase. The neighboring LaBg
grains were oxidized. The inserted EDS spectrum [Fig. 9
(a) (b)] shows the composition of the glassy phase at the
center. The glassy phase composes of La, O, and possi-
bly B. Because the element, boron, can not be detected
by this EDS equipment, we still can infer that the glassy
phase could include B content. Part of the reasons is
that the melting temperature of pure La,Oj5 is 2305 °C, !4
which would not melt at 800 °C.

’ L, P at &
»~ N e f ¥ Lo B ol
Magn WD Exp — 20 pm
V 1000x  SE LaB
i j e

Fig. 12. SEM micrographs of LaB4 samples calcined at 1138 °C for
(a) 2 min or (b) 10 min in airflow of 100 ml/min.
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As the thermal treatment takes longer time, the glass
starts to crystallize. One example of the glass calcined at
800 °C for 8 min appears that the initial glassy phase
fills the large pores and leaves a hole in the glass [Fig. 10
(a)]. At the bottom of the glassy phase, there are some
crystalline grains, of which show the La(BO,); phase
proven by electron diffraction. It is also noted that the
grains grow to columnar shape. The evidence provides
that new oxide crystals are produced from the glassy
phase when the heat treatment is longer than a few
minutes.

Fig. 10(b) shows the other area of the same sample.
The microstructure of the region indicates more oxida-
tion. The glassy phase in the image almost changes to
crystalline phase. The centered dark field (CDF) image
from Fig. 10(c) of higher magnification shows the oxide
grains with similar columnar shape, which implies those
grains being in same orientation. The crystals nucleate
from the glassy phase, lots of irregular small pores also
produced at the same time. The small pores accom-
panies with the crystal phase is in the sizes of 0.1-0.2
um. The features are clearly visible on the surface of
800 °C oxidized sample, as shown in Fig. 10(d). The fine
porosity can be the results of density change of crystals
to glass, or the evaporation of B,Oj3 volatile species.

As the oxidation conducted at 945 °C, the sample shows
similar features, but different La(BO,); grain and more
in porosity (Fig. 11). Thin and porous glass layer is
produced on LaBg grain which have been oxidized for
30 s in air [Fig. 11(a)]. Small nano-grains grow from the
amorphous phase, which is proven by the DP inserted in
the figure. The glassy phase is not well adhered on the
non-oxidized LaBg grain. It maybe due to the quick
oxidation and/or mismatch of thermal expansion coeffi-
cient (CTE) between the glass (B,O3) and La(BO,)s.

Fig. 11(b) shows the TEM micrograph of the sample
calcined at 945 °C for 8 min in airflow. Little liquid
phase remains at the LaBg/La(BO,); interface. This
implies glass vaporizes apparently at this temperature
Besides, the La(BO,); grains appear that the grain sizes
are about <0.5 pm and in equiaxial shape, which is
different from the columnar grains produced at 800 °C.
The grains grow to larger size at 945 °C

3.4. Oxidation microstructures near melting of
La(BO;);

La(BO,);, which melts at 1141 °C, is the newly form
crystalline phase in the oxide scale on LaBg surfaces. As
tested at 1138 °C for 2 min, the SEM micrographs of the
oxidized surface is shown in Fig. 12, which shows very
few open pores remaining on the surface, and the pore
sizes are smaller than those on pure LaBg. The shape of
the oxide products is vermicular in the appearance
[Fig. 12(a)], which is similar to the features in Fig. 10.
Besides, small submicron pores are observed, which

may be caused by the evaporation of glassy phase,
similar to the formation mechanism of pores in Fig. 10.
When the sample treated at 1138 °C for longer period,
e.g. 10 min [Fig. 12(b)], the surface produced different
oxide grains which show dense and equiaxial features.
The original open pores are sealed by the glass and new
oxide products, which may undergo grain coarsening
during the treatment.

When the sample is tested at 1185 °C, higher than the
melting temperature (1141 °C) of La(BO,)3, the La(BO,);
crystals start to melt. After rapid cooling, the morphol-
ogies are imaged by SEM and shown in Fig. 13. Glassy
phase can be observed between grain boundaries.
Almost all porosity is sealed. Only small bubbles are
found on the surface [Fig. 13(b)] if prolong the treatment
for 10 min. The melted phase can easily wet the grain
boundaries and the bubbles maybe due to the evapora-
tion of low-melting composition. During the oxidation
process below 945 °C, the surface area would not
change too much to affect the results. But as the oxidation
takes place at the temperatures close to the melting of
La(BO,);, the oxidation nearly stop instantly due to the
cover of dense La(BO»,); crystals and glassy phase.

.
AccY Magn Det WD —— 2um

16.0kV 10000x SE 106 LaB6-1200
T | ¥

AccV Magn Det WD Exp — 2 um
15.0 kV 10000x SE 10.0 1 LaB6 _

Fig. 13. SEM micrographs of LaB4 samples tested at 1185 °C for
(a) for a few seconds, or (b) 10 min in airflow of 100 mL/min.
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4. Conclusion

From the results of TGA, TEM and SEM analysis,
LaBg reacts with oxygen above 700 °C in air. The oxi-
dation behavior obeys parabolic law in the range of
800-945 °C. The parabolic rate constant k,, gives an
oxidation activity energy Q=195+15 kJ/mol in airflow
and in pure oxygen atmosphere. Below 850 °C and
higher than 995 °C, the oxidation behavior is partially
influenced by the interfacial reactions, either the oxida-
tion of surface LaBg or the evaporation of B,Oj3 glass.
The oxidation mass gain gradually vanishes and the
oxidation kinetic deviates away from the parabolic
behavior as testing period prolongs.

The microstructural results reveal that as-received
LaBg bulky sample shows 13 vol.% open porosity. Most
of the pores are sealed as the testing close to the melting
temperature (1141 °C) of La(BO,);. La-B-oxide glass
forms immediately, followed columnar La(BO,); grains
grow in the glass. The boron glass apparently evapo-
rates above 945 °C, gradually alternate the controlling
mechanism of the oxidation to surface evaporation of
the glass. Small and isolated porosity is formed in
accompany with the grain coarsening of La(BO»);
grains as the temperature is greater than 945 °C.
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