J. Ceram. Sci. Technol., 09 [1]47-52 (2018)

DOI: 10.4416/JCST2017-00063

available online at: http://www.ceramic-science.com
© 2018 Goller Verlag

Journal of

Ceramic Science
and Technology

Effects of NH,VO; on Properties and
Structures of Cordierite Ceramics

W. Ning, Z. Tang, Z. Han, S. Ding, C. Xu, P. Zhang"”

Key Laboratory of Automobile Materials of Ministry of Education and College of Materials
Science and Engineering, Jilin University, Changchun 130025, China

received July 20, 2017; received in revised form September 25, 2017; accepted November 9, 2017

Abstract

To obtain cordierite ceramics with superior properties, different proportions of NH,VO; were added to a preferred
basic ceramic formula, the main raw materials of which included talc, kaolin, calcined kaolin, alumina, aluminum
hydroxide and amorphous SiO,. The cordierite ceramics were manufactured by means of high-temperature sintering.
The results show that the coefficient of thermal expansion of the cordierite ceramics is significantly reduced with
the addition of 4 % NH VO;; water absorption rate, apparent porosity and flexural strength of the ceramics were
increased. The results of FT-IR, XRD and SEM analyses show that V ion entered the lattice of the cordierite crystals
and formed V-O bonds and V-O-Si bonds by replacing Mg2+ and Si4+, the strength of the chemical bonds was
enhanced during the sintering process. The cell parameters of the cordierite were changed from a = 9.7638 A, ¢ =
9.3152 A to a = 9.6851 A, c = 9.2923 A. The microcracks in the ceramics disappeared while the pores were increased
and uniform. Because of this, the coefficient of thermal expansion is decreased, and the other properties of cordierite

ceramics are increased.
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I. Introduction

Cordierite ceramics are characterized by a low coef-
ficient of thermal expansion (CTE), high temperature
resistance, stable chemical properties, and good dielec-
tric properties. Cordierite ceramics are widely used in
many fields, especially as catalyst carrier porcelains and
dielectric ceramics. The properties of cordierite ceram-
ics are affected by many factors, including the compo-
sition and structure of the raw materials 1 -9, the phase
composition 10-15 and structure 16-19 of the ceramics. In
addition, additives have a great influence on the prop-
erties and structure of cordierite ceramics. For exam-
ple, the glass transition temperature and the crystalliza-
tion peak temperature are decreased with the addition of
1wt% B,03 20; the formation of a-cordierite was pro-
moted by adding B,O3, the growth rate of a-cordierite
was increased by adding P,O5 21 to a greater extent than
the growth rate of p-cordierite was increased with the
same addition; the conversion rate of the glassy state to
the p-cordierite was accelerated, but the conversion of
u-cordierite to a-cordierite was not affected by the addi-
tion of ZnO 22, The sintering temperature was reduced
from 1430 °C to 1050 °C and the CTE was decreased
from 1.8 x 106 K-! to 1.6 x 10-¢ K-! with the addition
of 3% Li,O-Bi,0O3 23. Sintering, molding and structure
of ceramics were affected by the addition of starch 24-26,
the CTE of cordierite was reduced to 0.8 x 106 K-1 with
the addition of 10 % starch 27; the CTE of cordierite was
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reduced to 0.56 x 10-6 K-1 with the addition of a small
amount of starch 28,

Gas catalyst carriers are an important application for
cordierite ceramics. As these work in alternating hot and
cold environments, good thermal shock resistance is es-
sential; hence there is a special requirement for the ther-
mal expansion properties of cordierite ceramics. In order
to manufacture cordierite ceramics with superior proper-
ties, different proportions of NH VO3 were added to a
preferred basic ceramic formula, the main raw materials of
which included talc, kaolin, calcined kaolin, alumina, alu-
minum hydroxideand amorphous SiO, The cordierite ce-
ramics were manufactured by means of high-temperature
sintering. The effects of NH,VO; on the CTE, water ab-
sorption, apparent porosity and flexural strength were in-

vestigated; the influence mechanism is discussed based on
FTIR, XRD and SEM analyses.

II. Experimental

According to the theoretical composition of cordierite,
talc, kaolin, calcined kaolin, alumina, aluminum hydrox-
ide and amorphous SiO, were used as raw materials. The
diameters of the raw materials ranged from 10 pm to 15 pm.
Cordierite ceramics were prepared with different propor-
tions of raw materials. The results concerning the ceram-
ic properties and structures show that the preferred ra-
tio of ceramic raw materials is: talc 37.9 %, kaolin 25.9 %,
calcined kaolin 14.7 %, alumina 9.0 %, silica 3.6 %, alu-
minum hydroxide 8.9 %. Then, 2 %, 4 %, 6 % and 8 %
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NH,VOj; were added to the basic formulation to manu-
facture cordierite ceramics. These raw materials were dry-
mixed for 5 min to 10 min and molded at 40 MPa pressure.
The relationship between temperature and time during the
firing process is shown in Fig. 1. The green bodies were
heated at the specific rate for each temperature stage and
were kept at 1350 °C for 2 h, the cordierite ceramics were
then allowed to cool naturally in the furnace. After that,
the ceramics were cut into specimens measuring 50 mm x
4 mm x 4 mm. The properties of the specimens were tested
and the structures were characterized.
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Fig. 1: The heating program for the cordierite ceramics.

III. Results and Discussion

(1) Effects of NH,VO5 on the properties of cordierite
ceramics

The CTE of the ceramics was measured with a thermal
expansion tester (DIL402C, Netzsch). The heating rate
was 3 K/min. The temperature range was 25 °C - 850 °C.
When the temperature was 850 °C, the final results were
the average value of three ceramics. The relationship be-
tween the CTE and NH,VOj; dosage is shown in Fig. 2.
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Fig. 2: Effects of the NH4VOj content on the CTE of the cordierite

ceramics.

It can be concluded from Fig.2 that the CTE of the
cordierite ceramic was 0.856x10-6 K-1. The CTE of ce-
ramics was significantly decreased with the addition
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of NH4VO;. When 4% NH,VO; was added to the
basic formula, the CTE of the cordierite ceramic was
0.433x10-6 K-1, that is at the lowest level.

The water absorption rate and apparent porosity of the
ceramics were measured with the Archimedes method us-
ing distilled water as the medium (TXY-180, China). The
final results were the average value of six ceramics. The re-
sults are shown in Fig. 3.
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Fig. 3: Effects of the NH,VOj content on the water absorption rate
and apparent porosity of the cordierite ceramics.

It can be concluded from Fig. 3 that the water absorption
rate and apparent porosity of the cordierite ceramics were
significantly increased with the addition of NH,VOj3.
During the sintering process, NH,VO3 decomposed and
produced gas. NH,VOj; played the role of a pore-forming
agent, so that the water absorption and apparent porosity
of the ceramics were increased.

The flexural strength of the ceramics was tested with a
material mechanics tester (MTS-810, America) by using
a three-point bending method at a speed of 0.5 mm/min.
The final results were the average value of six ceramics. The
results are shown in Fig. 4.
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Fig. 4: Effects of the NH,VOj; content on the flexural strength.

It can be concluded from Fig. 4 that the flexural strength
of the ceramics was increased with the addition of an ap-
propriate content of NH VO3, but the excess NH,VO;
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led to a decrease in the flexural strength of the ceramics.
The maximum flexural strength was 45.77 MPa, when 4 %
NH4 VO3 was added to the basic formula.

(2) Effect of NH, VO3 on the structure of cordierite ce-
ramics

(a) Effect of NH,VO3 on the crystal structure of
cordierite

The ceramics were analyzed with an X-ray diffractome-
ter (Rigaku Dmax 2500, Japan). The scanning range was
5-60°/26, the tube voltage was 50 kV, the tube current was
200 mA, the scanning step was 0.01 mm and the sampling
time was 2 s. The XRD pattern of the cordierite ceramic
and the vanadium cordierite ceramic is shown in Fig. 5.
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Fig. 5: XRD patterns of the cordierite ceramics.

It can be concluded from Fig. 5 that, after the addition of
NH, VO3, the main phase of the manufactured ceramics
is still cordierite. But the diffraction peaks of the crystal
faces showed different degrees of displacement. The cell
parameters are calculated based on the d value of the (100)
and (002) two crystal faces. The d value of the (100) crystal
face ranged from 8.4577 A 10 8.3876 A and the d value of
the (002) crystal face was from 4.6576 A to 4.6462 A with
the addition of 4 % NH,VOj;.
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So the value of a ranged from 9.7638 A t0 9.6851 A and
the value of ¢ from 9.3152 A t0 9.2923 A with the addition
of 4% NH4VOj;. In a comparison of the cell parameters,
it can be found that the value of a was obviously reduced
and the value of ¢ was slightly decreased with the addition
of 4 % NH,VOs;. After the NH,VO; decomposed, V ion
entered the cordierite crystal lattice and the lattice was dis-
torted, the a-axis structure became more compact, while
the c-axis did not change much.

(b) Effect of NH, VO3 on the chemical structure of
cordierite

The ceramics were tested with a Fourier transform in-
frared spectrometer (NICOLET760 USA) with a wave
number range of 400 —4000 cm-1. The results are shown in
Fig. 6.
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Fig. 6: FI-IR patterns of the cordierite ceramics.

It can be seen from Fig. 6 that the cordierite ceram-
ics” vibration absorption bands are distributed between
1200cm! to 400 cm-1. The absorption peaks between
1200 cm-! and 1100 cm~! were caused by Si-O-Si stretch-
ing vibration and bending vibration of cordierite silica
tetrahedra; the absorption peaks between 1100 cm1 and
900 cm! were caused by the Al-O stretching vibration
and bending vibration of the cordierite aluminum oxide
tetrahedra; the absorption peaks between 800cm-1 and
600 cm-! were caused by Mg-O vibration of magnesium
oxide octahedra. When compared with the infrared spectra
of cordierite ceramics and vanadium cordierite ceramics,
the results indicated that the V-O-Si vibration absorp-
tion peak of 1130 cm! and the V-O vibration absorption
peak of 564 cm-1 appeared; 1090 cm™! Si-O-Si vibration
absorption peak and 643 cm-1 Mg-O vibration absorption
peak were decreased with the addition of the V ion, in the
infrared spectrum of cordierite ceramics.

(c) Effect of NH,VOj5 on the structure of cordierite ce-
ramics

The ceramic samples were analyzed with field emission
scanning electron microscopy (SEM) (JSM-6700, Japan),
the scan voltage was 10 kV. The results are shown in Fig. 7.
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b)

Fig. 7: SEM images of the cordierite ceramics (a, ¢) and vanadium cordierite ceramics (b, d).

Fig.7a and b show the scanning electron microscope
(SEM) images of the cordierite ceramic in different mag-
nification; and ¢ and d are the SEM images of the vanadi-
um cordierite ceramic at different magnifications. It can be
seen from Fig. 7a, the pore diameter of the cordierite ce-
ramic was in the range of 0.63 pm to 17.20 pm; the size of
the pores was not uniform and the distribution of pores
was not uniform either; the pores accounted for 21.32 %
area ratio of the cordierite ceramics. As can be seen from
Fig. 7c, the pore diameter of the vanadium cordierite ce-
ramic was in the range of 0.60 um to 9.72 um; the pores
were uniform in size and the distribution of the pores was
relatively uniform; the pores accounted for 30.30 % area
ratio of the vanadium cordierite ceramic. When Fig. 7a is
compared with Fig. 7c, it can be seen that the size of the
ceramic inner pores became smaller, the pores were even-
ly distributed and the porosity became larger with the
addition of 4 % NH,VOj;. Obvious microcracks in the
cordierite ceramics can be observed. The width of cracks
extended from 0.10 pm to 0.32 pm and the length of cracks
was greater than 20 pm. The crystal grains in the cordierite
ceramics were relatively large, the grain size ranging from
2.12 ym x 3.28 pm to 8.56 pm x 4.64 um, the cordierite
grains adhered to each other and were centrally distribut-
ed, which further demonstrates that the pore size and dis-

tribution were not uniform. It can be seen from Fig.7d
that the vanadium cordierite ceramic grain size was from
1.96 um x 2.94 pm to 2.96 um x 7.04 um and the distri-
bution of vanadium cordierite grains was uniform. The
pore diameter of the vanadium cordierite ceramic was in
the range of 2.24 pm to 3.44 pm. The pores were even-
ly distributed and interconnected. There were no obvi-
ous microcracks in the vanadium cordierite ceramic. The
cordierite ceramic grains were larger than the vanadium
cordierite ceramic grains and unevenly distributed, which
results from uneven shrinkage of the structure during the
crystallization process. That causes the presence of cracks
in the ceramics. The vanadium cordierite ceramic grains
are relatively small and uniformly distributed, shrinkage
of the structure is uniform and does not cause cracks to
form during the crystallization process. When the ceramic
is exposed to stress, the stress is likely to concentrate in the
crack, leading to a reduction in strength. These changes in
the microstructure of the ceramics indicate that the poros-
ity, water absorption and flexural strength of ceramics
would increase with the addition of NH,VO3, which was
consistent with the macroscopic performance test results
of the ceramics.
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(3) Discussion on the impact mechanism

According to the ICSD number of the cordierite PDF
card, the a-cordierite crystal structure was obtained by
Findit software and Diamond software just as shown in
Fig. 8. It can be seen that the hexagonal structures consist-
ed of four Si-O tetrahedra and two AlSi-O tetrahedra. The
adjacent two layers were staggered by 30° and arranged
along the c-axis in the hexagonal structures. The hexagonal
was linked together by Al-O tetrahedra and Mg-O octa-
hedra, in which the Al-O tetrahedra and the Mg-O octa-
hedra were connected by a common edge to achieve stable
structures of the cordierite crystals.

Fig. 8: Crystal structure model of hexagonal cordierite.

The thermal expansion of the crystal is related to the
bond length and bond angle of the crystal chemical
bond 2. The thermal deformations of the Mg-O octa-
hedra were the driving force for the thermal expansion
of cordierite crystals, because the bond strength between
the Mg-O was relatively low, which resulted in expansion
along the a axis of the cordierite 3031,

In a comparison of the infrared spectroscopy of vanadi-
um cordierite and cordierite, the V-O-Sivibration absorp-
tion peak at 1130 cm1 and the V-O vibration absorption
peak at 564 cm-! appeared, 1090 cm-! Si-O-Si vibration
absorption peak and 643 cm-1 Mg-O vibration absorption
peak decreased with the addition of NH,VO; The results
indicated that Vion entered the Si-O tetrahedraand Mg-O
octahedra of the cordierite, partially replaced Si*+, Mg2+,
and formed V-O-Sibonds and V-O bonds. Since the vana-
dium ion radius (0.054 nm — 0.064 nm) is smaller than the
magnesium ion radius (0.072 nm), the bond length of V-
O is smaller than that of Mg-O, the bond strength of V-
O is bigger than that of Mg-O and the lattice parameters
decreased. So the CTE of the cordierite ceramics was re-
duced and the mechanical properties were enhanced.

During the sintering of the ceramics, NH,;VO3 decom-
posed to produce gas, which led to the formation of pores
in the cordierite ceramics. The apparent porosity and wa-
ter adsorption rate of the ceramics increased and micro-
cracks caused by structural shrinkage during the sintering
process were reduced. But excessive addition of NH,VO;
led to loose cordierite ceramic crystal structures and the
mechanical properties of ceramics were reduced.
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IV. Conclusions

1 4% NH,VOj; was added to the base formulation of
cordierite ceramic, the coefficient of thermal expansion
of the ceramics was effectively reduced and the poros-
ity and mechanical properties of the ceramic were in-
creased.

2 TheNH,VO;decomposed during sintering, Vion en-
tered the silicon tetrahedra and magnesia octahedra of
cordierite crystals, V ion partially replaced Si*+, Mg2+,
and formed V-O-Si bonds and V-O bonds, so that the
chemical bond strength of the cordierite crystal was in-
creased while the cell parameters were decreased.

3 The cell parameters of the cordierite crystal were sig-
nificantly decreased, which was the main reason for the
decrease in the coefficient of thermal expansion of the
cordierite, while the escape of the NH; was the main
reason for the increase in the apparent porosity of the
ceramic.

4 The introduction of V ions can inhibit the growth of
cordierite crystals, resulting in uniform shrinkage of
structures, and causing the disappearance of cracks in
the ceramics. That increased the strength of the ceram-
ics.
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