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bstract

ullite with low dielectric constant and high transparency in infrared and microwave range has potential applications in communication industry.
o improve the above properties of mullite, boron-doped mullite single-phase gels with a constant molar ratio of Al/Si = 3/1 and various B/Al
atios (B/Al = 0–0.4/3) were prepared in this study by slow hydrolysis of aluminum nitrate, boric acid and tetraethoxysilane. It was found that
oron reduces the mullite formation temperature and suppresses spinel formation. The cell unit lattice parameters and cell volume in boron-doped
ullite generally decrease with the increase of boron amount. The SEM observation shows that a small amount of boron reduces the grain sizes of

ullite sintered bodies while a large amount of boron facilitates the formation of elongated grains and the amorphous glass phase. Boron decreases

he transmittance of mullite ceramic and produces additional intensive absorption bond at 3.9 �m and also reduces the dielectric constants in the
requent range of 1 M–1 GHz.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Mullite (3A12O3·2SiO2) has been recognized as an impor-
ant structural and optical material due to its excellent high
emperature strength, creep resistance, good chemical and ther-

al stability, low thermal expansion coefficient and infrared
ransparency.1–4 Particularly, mullite with high transparency in
nfrared and microwave range could have special applications in
ommunication industry where infrared and microwave could
ass through mullite window without signal loss. The replace-
ent of cation is an effective way to improve the property of
ullite.5–7 By the replacement of cation, dielectric constant of
ullite can be decreased, and transparent mullite in infrared and
icrowave range can thus be fabricated because ceramic (e.g.

ullite) with lower dielectric constant has better transparency

roperty in microwave range. Existing study also showed low
ielectric constant and optical transmittance of the fine-grained

∗ Corresponding author. Tel.: +86 027 87662983; fax: +86 027 87879468.
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olycrystalline mullite have made it a good candidate for a host
aterial as a solid-state laser activator.8 The dielectric constant

f material usually decreases with ionic polarizability. In all
ations explored so far, the polarizability of B3+ ion is nearly the
owest. So B3+ ion is the potential candidate as replacement ele-

ent for the reasons mentioned above. The influence of boron
n the formation temperature and the microstructure of mul-
ite were investigated by some scholars. In diphasic gels, boron
s known to enhance the transformation kinetics in mullite.9,10

ong et al. found the mullite transformation temperature was
ecreased by 150 ◦C in 5 wt% B2O3-doped diphasic gels and
nisotropic grain growth was enhanced.11 They believed this
i.e. the enhanced transformation kinetics in boria-doped sam-
les) was because the faster diffusion in the lower viscosity
oria-containing glasses,12 not firstly forming aluminum borate,
Al2O3·2B2O3, had worked as an epitaxial substrate for mul-
ite nucleation and growth as previously reported by Sowman.13
nisotropic grain growth is a result of liquid phase occurring
n sintering process. Griesser et al. measured the lattice param-
ters of boron-doped mullite powder.14 The results indicated a
arge amount of boron were incorporated into mullite structure

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.017
mailto:zyfu@whut.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.05.017
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Table 1
The boria amount in mullite Gels and corresponding boron-doped mullite lattice parameters.

Sample B/Al (molar ratio) Mass content of boria (wt%) Mullite lattice parameter

a (nm) b (nm) c (nm) V (nm3)

B000 0 0 0.75494(11) 0.76939(15) 0.28852(5) 0.167583
B005 0.05/3 0.81 0.75412(18) 0.76957(18) 0.28819(5) 0.167252
B010 0.1/3 1.61 0.75529(18) 0.76977(20) 0.28788(6) 0.167376
B015 0.15/3 2.39 0.75526(17) 0.76934(15) 0.28753(4) 0.167069
B020 0.2/3 3.16 0.75417(22) 0.76957(24) 0.28696(7) 0.166544
B030 0.3/3 4.67 0.75447(25) 0.76910(29) 0.28688(12) 0.1664679
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up to about 20 mol% B2O3 depending on the bulk composi-
ion of the starting materials). However, in monophasic gels,
ery little information is reported about the influence of boron
n mullite formation kinetics and its physical properties. In the
resent investigation, the sol–gel method was adopted to achieve
onophasic boron-doped mullite precursor. The effects of the
2O3 amount on mullite formation temperature, sinterability,
icrostructure and physical properties were investigated. The
ethods of boron being incorporated into the mullite and the

oping quantity were also explored.

. Experimental

.1. Sample preparation

The boron-doped mullite powders were prepared by sol–gel
ethod. Aluminum nitrate-nonahydrate (ANN), boric acid and

etraethoxysilane (TEOS) were used as starting materials. ANN
nd boric acid were firstly dissolved in absolute ethanol and
tirred at 60 ◦C for 24 h under reflux. The molar ratio of Al/Si
as constant 3/1 and the molar ratio of Al/B varied from 3/0.05 to
/0.4. The stoichiometric amount of TEOS dissolved in absolute
thanol in advance was slowly dropped into the above solu-
ion. The resulted mixture solution was stirred under reflux at
0 ◦C for 4 days and then aged at the same temperature for
round 5 days without being stirred. Finally, physical gels were
btained. The gels were dried at 110 ◦C for 2 days, then crushed
nd ground to powders. The precursor powder was calcined at
000 and 1400 ◦C for 4 h at the heating rate of 10 ◦C/min for
intering and measuring lattice parameters, respectively. In the
resent study, six types of precursors with different amounts of
oron were named as B000, B005, B010, B020, B030, B040,
espectively, according to the molar ratio of B/Al. For example,
he sample with the molar ratio of B/Al being equal to 0.05/3
as named as B005. The compositions of these samples were

isted in Table 1.
The calcined powder was then poured into a graphite mold

inner diameter of 15 mm, outer diameter of 40 mm) and sin-
ered at 1450 ◦C for 10 min by Spark Plasma Sintering (SPS)

Model SPS-3.20MK II, Japan) at a heating rate of 100 ◦C/min
n vacuum. A pressure of 30 MPa was applied onto the samples
rom the beginning of the sintering process. The thickness of
intered specimens is about 3 mm.

p
c
a
B

.75337(22) 0.76811(23) 0.28565(7) 0.1652979

.2. Characterization methods

The mullite formation temperature was determined by dif-
erential thermal analysis (DTA) at 10 ◦C/min in air (Model
TA-449C, Netzsch, German). X-ray diffraction analysis
Model D/max-RB, Rigaku, Japan) was performed between 10◦
nd 90◦ (2θ) using a graphite monochromatic Cu K� radiation,
ith a step of 0.02◦ and a scanning rate of 0.5◦/min. About thirty

eflections were collected for determining the lattice constants
ith silicon being an internal standard. Diffraction peaks were

ndexed with (MDI) Jade 5 software. Lattice parameters were
alculated with the Unitcell program. KBr pellets were prepared
or the IR powder measurements. The sintered samples were
liced (0.94 mm in thickness) and polished for infrared transmit-
ance testing. Infrared absorption spectra (AVATAR370, Nicolet,
SA) were obtained within the range of 4000–400 cm−1. The
icrostructures of sintered samples were examined by scanning

lectron microscopy (S-3400, Hitachi, Japan) equipped with
nergy dispersive X-ray (EDX) analysis. The polished samples
ere thermally etched at 100 ◦C below the sintering temperature

or SEM and chemically etched with NaOH and HF solutions
or EDX analysis. The relative dielectric constants (εr) were
easured within the range of 1 MHz to 1 GHz at room tempera-

ure, using an HP 4291B alternating current impedance analyzer
HP/Agilent).

. Results and discussion

.1. Powder characterization

DTA patterns of mullite gels containing 0–4.7 wt% B2O3 are
hown in Fig. 1. The DTA pattern of pure mullite gels contains
n exothermic peak at 989.7 ◦C, which is associated with mul-
ite formation, and a small broad exothermic peak at 1304.3 ◦C,
hich is due to the phase change from spinel to mullite. The
TA patterns of all boron-doped mullite gels display only one

xothermic peak above 900 ◦C. This indicates that boron-doped
ullite precursors are single-phase gels which are directly trans-

ormed into mullite from amorphous phase without intermedia

hase spinel or other aluminum borate. It can be observed that the
rystallization temperature decreases with the increase of B2O3
mount, as shown in Fig. 2. Mullite gels containing 4.7 wt%
2O3 crystallized at 948.6 ◦C, which is 41.1 ◦C lower than that
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Fig. 3. XRD pattern of different amount of boria sample calcined at (a) 1000 ◦C,
(b) 1400 ◦C (B is aluminum borate, S is spinel. The red, blue, and green lines
represent the diffraction peaks of mullite (card #15-0776), Al4B2O9 (card #47-
0319) and Al18B4O33 (card #32-0003), respectively). (For interpretation of the
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ig. 1. DTA pattern of pure mullite gel and boron-doped mullite gel at a heating
ate of 10 ◦C/min in air.

f pure mullite gels. Hong et al. reported that formation temper-
ture of mullite with 5 wt% boria decreased by 150 ◦C compared
o that of the undoped diphasic gels. In the present experiments,
oron does not have such a great effect on the transformation
inetics in the single-phase gels as in the diphasic gels.

The XRD patterns of different boron-doped samples heat-
reated at 1000 and 1400 ◦C are shown in Fig. 3(a) and (b),
espectively. All samples transformed into mullite when they
ere heat-treated at 1000 ◦C for 4 h. In sample B000, a small

mount of spinel coexisted with mullite. The result is consistent
ith the DTA result shown in Fig. 1 which indicates that the
ure mullite precursor is a mixture composed of a large amount
f single-phase and a small amount of diphasic gel (the spinel
t about 980 ◦C). In all boron-doped samples, spinel cannot be
etected. Based on the analysis from XRD and DTA date, it
an be concluded that boron facilitates the direct transforma-
ion of precursor into mullite and suppresses the formation of
pinel. The influence of boron on crystallization of Al2O3–SiO2
els is different from that of chromium and titanium. In Cr-
oped and Ti-doped single-phase gels, two-step phase separation

as proposed.15,16 The first-step is the separation into alumina-

ich and silica-rich phases. The second step is the clustering
f alumina-rich phase. As the content of alumina in clusters
xceeds the upper value of its solubility limit in mullite, the

ig. 2. Relationship between mullite formation temperature and boron amount.
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eferences to colour in this figure legend, the reader is referred to the web version
f the article.)

rystallization of spinel from the same clusters initiates. Adding
hromium and titanium stimulates the formation of clusters,
eading to the crystallization of spinel in nonisothermal treat-

ent. However, in the present study, the second-step phase
eparation is suppressed in boron-doped single-phase gels, thus
eading to the disappearance of the spinel phase. As a result, a
ype of relatively highly chemically homogenous gels is attained
n the system of the present study.

When diffraction peaks of boron-doped mullite and that of
ure mullite (card #15-0776) are compared, it is observed that
ome diffraction peaks of boron-doped mullite shift. It is clear
hat the two pairs of peaks at the 2θ of about 71◦ and 75◦ over-
ap in pure mullite but split in boron-doped mullite. For samples
alcined at 1000 ◦C, no additional diffraction peaks were found
n all boron-doped mullite except that some diffraction peaks
ave gradually shift to the corresponding positions of aluminum
orate Al4B2O9 crystals (card # 47-0319). It should be noted
hat Al4B2O9 has the same orthorhombic crystal structure as

ullite and their lattice parameters are also close to each other,
ith a = 7.617, b = 7.617, c = 2.827 for Al4B2O9 and a = 7.545,
= 7.689, c = 2.884 for mullite. For crystal planes (1 1 0), (2 1 0),

2 2 0) and so on, the d-spaces of Al4B2O9 are nearly equal to that
f mullite. In boron-doped mullite, the diffraction peaks of the

bove crystal planes do not shift. While for crystal planes (1 1 1),
2 0 1), (3 3 1), (0 0 2) and so on, the d-space differences between
l4B2O9 and mullite are larger than 0.002 nm. In boron-doped
ullite, the shift of the diffraction peaks of these crystal planes
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ig. 4. SEM micrograph and EDX spectrum of the sample B040 (the sample was
intered at 1450 ◦C for 10 min by SPS and etched by NaOH and HF solutions).

ncreases with increasing boron amount. Even using a slowly
canning rate of 0.5◦/min, no split can be observed for these
hifted peaks. This indicates the boron-doped mullite is not a
imple mixture of pure mullite and Al4B2O9, but a solid solu-
ion which includes some units with the same structure as mullite
nd Al4B2O9. For the samples calcined at 1400 ◦C, the XRD pat-
ern of sample B040 shows two additional diffractions with low
ntensity at the 2θ of about 20.3◦ and 23.7◦ besides that some
iffraction peaks have gradually shifted to the diffraction line of
l18B4O33 (card #32-0003) with the increase of boron amount.
ased on the above information, we identified the impurity phase
s mullite-type Al18B4O33, whose diffraction lines are partially
verlapped with that of mullite due to the similar crystal structure
orthorhombic) and lattice parameters (i.e. a = 7.687, b = 15.01,
= 5.664, where b and c in Al18B4O33 are nearly twice as much
s that in mullite) with mullite. Although the shifted peaks do
ot split, the shift distances of samples calcined at 1400 ◦C are
maller than that of the samples calcined at 1000 ◦C. This means
hat not all B2O3 has entered mullite lattice structure at 1400 ◦C,
ut that only part of them has formed aluminum borate which
oexists with mullite. Boron-doped samples are always in amor-
hous state before they transform into mullite (the XRD patterns
re not shown here). Therefore aluminum borate is not an epi-
axial substrate for mullite nucleation and growth. The presence
f boron decreases the viscosity of the amorphous SiO2-rich
hase. The low viscosity promotes atomic diffusion, mullite
ucleation and growth. The result is consistent with the results
f Hildmann’s9 and Hong’s10 studies.

Table 1 shows the relationship between boron amount and lat-
ice parameters. From this table, it is clear that lattice parameter
and unit cell volume decrease continuously with the increase
f boron amount although small variation exists. The decrease in
he lattice parameter c and unit cell volume is a strong evidence
hat boron is incorporated into mullite structure. The conclu-

ion that the boron is in solid solution is also supported by the
DX result shown in Fig. 4 which clearly indicates boron ele-
ent exists in the chemically etched mullite crystals. Griesser

t al.14 believed that boron is substituted for silicon in tetrahe-

B
o
r
i

ig. 5. IR absorption spectra of pure mullite and boron-doped mullite powder
alcined at 1400 ◦C for 4 h.

ral sites to enter mullite structure, and the maximum amount of
olid solution is up to about 20 mol% B2O3 in 60 mol% Al2O3.
oron can enter tetrahedral sites of mullite structure due to

ts inherent property; nevertheless, the present study indicates
2O3 in precursor is also favorable to react with Al2O3 to form
l18B4O33 above 1400 ◦C. So the 20 mol% B2O3-containing
ullite cannot be made. The substitution of B3+ for Si4+ would

ossibly lead to the simultaneous occurrence of the following
vents to preserve electroneutrality: oxygen anionic vacancies,
oron cationic interstice and replacement of tetrahedral Al3+

ith Si4+. However, these simultaneous events cannot change
attice parameters as significantly as the substitution of B3+ for
i4+. The radius of B3+ ion (0.02 nm) is smaller than that of Si4+

on (0.041 nm). So the lattice parameter and volume generally
ecrease with increasing boron amount and the variation in the
-axis is more obvious than in the a-axis and b-axis. Fluctuations
n the lattice parameters a and b are probably caused by exper-
mental errors given that the magnitude of these fluctuations is
ery small.

IR spectra of different amount of boron mullite in the
500–400 cm−1 region are shown in Fig. 5. It should be noted
hat in Fig. 5, only several representative IR absorption peaks
re presented to show the general features of all samples. The
eaks at around 1170 and 903 cm−1 are assigned to the in-plane
nd out-of-plane stretching vibrations of Al–O in AlO4, respec-
ively. The peaks at 725, 548 and 463 cm−1 correspond to the
ending vibration of Al–O in AlO4, AlO6 and Si–O in SiO4,
espectively. The band located at around 798 cm−1 is assigned
o the stretching vibration of Al–O in AlO6.17,18 Different from
he pure mullite, in all boron-doped mullite samples, a new
bsorption peak appears at 1090 cm−1 which is attributed to
he stretching vibration of BO4 tetragon. The intensity of the
eak is a constant which is not affected by boron amount. As
oron amount increases, a broad bond at around 1320 cm−1 and
weak shoulder peak at 683 cm−1 begin to appear in samples
010 and B020, which are attributed to the stretching vibration

f BO3 triangle and the bending vibration of BO3 triangle14

espectively. The intensities of the two peaks increase with the
ncrease of boron amount.
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ig. 6. Relationship between displacement and sintering temperature for sam-
les with different amount of boria.

.2. Sintering behavior and microstructure

Fig. 6 shows the relationship between displacement and sin-
ering temperature for samples with different amount of boron
n the sintering process. The positive and negative values of
isplacement mean the shrinkage and expansion of samples,
espectively. The shrinkage during sintering indicates the sample
s being densified. Pure mullite densification takes place between

◦ ◦
240 and 1530 C (only the range below 1500 C is shown in
ig. 6). The densification temperature of sample B005 is almost

he same as pure mullite. This is expected because B005 has only
mall amount of boron. For sample B010, B020, B030, B040,

r
i
s
i

ig. 7. SEM micrographs of pure and boron-doped mullite sintered at 1450 ◦C for 1
040.
Ceramic Society 30 (2010) 2435–2441 2439

he densification process occurs at a temperature between 1150
nd 1450, 1090 and 1440, 1060 and 1410, 940 and 1350 ◦C,
espectively. It is clear that increasing boron amount reduces the
ensification temperature and extends the temperature range of
he sintering process. In the sintering process of mullite derived
rom single phase gel by SPS, although the powder has already
een transformed into mullite before sintering, the viscous flow
intering mechanism still plays a significant role due to the exis-
ence of a small amount of amorphous phase.19 Boria–silica
lass phase has a much lower viscosity compared to pure vitre-
us silica (e.g. 105.1 Pa s for 28 wt% boria–72 wt% silica versus
010.2 Pa s for silica at 1300 ◦C).20 As a result, increasing boron
ontent reduces the densification temperature.

Fig. 7 shows the microstructures of pure and boron-doped
ullites dense bodies sintered at 1450 ◦C for 10 min by SPS.
he microstructure of pure mullite (i.e. B000) consists of very

ew elongated grains and a large number of fine equiaxial grains
ith an average size of 0.5 �m. In sample B005, the diameter
f equiaxed gain is smaller and the length of elongated grain
s longer. It is clear that both the number and length of elon-
ated grains increase with the increase of boron amount. In
ample B020, the number of elongated grains is so large that
hey impinge upon one another and form a three-dimensional,
nterpenetrating microstructure. The glass phase on the grain
oundaries and the triple junction regions also increase. As a

esult, the grain boundaries become broader. This fact further
ndicates that a large amount of boria coexists with alumina and
ilica glass in the amorphous state and only part of boron enters
nto mullite crystal structure.

0 min by SPS (a) pure mullite; (b) sample B005; (c) sample B020; (d) sample
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Fig. 9. Appearance and spectral transmittance in IR wavelength range of pure
a
a
c

p
tution of B3+ for Si4+ decreases the total polarization capability
and leads to the lower dielectric constant of in boron-doped
mullite.
ig. 8. Dependence of mullite bulk density on the weight percentage of boria
ontent (the samples were sintered at 1450 ◦C for 10 min by SPS).

Fig. 8 shows the relationship between the bulk density of
oron-doped mullite and boria amount. All the samples were sin-
ered at 1450 ◦C for 10 min by SPS. It can be seen that increasing
oron amount reduces the bulk density. Two factors contribute
o the density reduction. One factor is that the boron weight less
han silicon. The other factor is that the boron amount increases
he sample volume during sintering process as shown in Fig. 6.

.3. Properties

Fig. 9 shows the appearances and spectral transmittances of
ure and boron-doped mullites sintered at 1450 ◦C for 10 min by
PS. The slice samples were placed on top of a newspaper. The

etters under the pure mullite ceramic slice are clearly legible,
nd the slice in color is inhomogenous. The letters under sample
005 can be vaguely seen and the sample B010 is almost opaque.
owever the color in both sample B005 and B010 is homoge-
ous. As shown in Fig. 9(b), boron decreases the transmittance of
ullite in IR wavelength range and produces additional intensive

bsorption band centered at about 3.9 �m due to the vibration
f B–O bond. Furthermore, it makes the absorption at 4.3 �m
ore intensive. When boron amount is above 1.61 wt%, mullite

ecomes completely opaque. This is because a large amount of
oron-doped glass phase has congregated in grain boundaries
nd triple junction regions as impurity. Furthermore, the num-
er of elongated grains also increases with the increase of boron
mount.

Fig. 10 shows the relationship between the light wave fre-
uency and the dielectric constants of pure and boron-doped
ullite sintered at 1450 ◦C for 10 min. The data shows increas-

ng boron amount reduces the dielectric constant. For instance,
t 1 MHz, the dielectric constant of sample drops from 7.01
o 6.36 when boron amount increases from 0 to 6.14%. The
ecrease in dielectric constant is possibly related to the increas-
ng micro-pores in sintered bodies. However, it can be seen from
ig. 7 that all samples have nearly the same porosity. Thus, the
ecrease in dielectric constant is due to the substitution of B3+
or Si4+. Our data have shown that the B3+ substitution decreases
he volume of unit cell, and thus reduces the free space for atom

otion. This leads to the decrease of ionic polarizability which is
he key factor affecting the dielectric constant. Furthermore, the

F
m
1

nd boron-doped mullite ceramic sintered at 1450 ◦C for 10 min by SPS: (a)
ppearance; (b) spectral transmittance in IR wavelength range (the thickness of
eramic slice is 0.94 mm. a: pure mullite; b: sample B005; c: sample B010).

olarizability of B3+ is lower than that of Si4+. Thus the substi-
ig. 10. Relationship between light wave frequency and dielectric constants of
ullite ceramics with different amount of boron (all samples were sintered at

450 ◦C for 10 min by SPS).
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. Conclusions

For boron-doped mullite, boron reduces the glass phase vis-
osity and enhances atomic diffusion rate, and thus decreases
oth mullite formation temperature and densification tempera-
ure. The experimental evidences presented in this study have
hown that boron is incorporated into mullite structure and
ecreases both the lattice parameters and cell volume. A small
mount of boron can reduce mullite grain sizes and enhance
he color homogeneity, but large amount of boron can make

ullite lose transparency because boron-doped grass phase con-
regates in grain boundaries and triple junction regions and
arge amount of impinged elongated grains form. Boron-doped

ullite generates an additional intensive absorption bond at
.9 �m resulting from the vibration of B–O bond. The dielectric
onstants of boron-doped mullite ceramics generally decrease
ith the increase of boron content in the frequent range of
M–1 GHz.
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