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Porous MgTi 2 O 5 /MgTiO 3 composites with narrow pore-size
distribution: in situ processing and pore structure analysis
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Porous ceramics based on refractory double oxides are promising for the next-generation diesel particulate ﬁlter (DPF) materials.
Similarly to aluminum titanate (Al2TiO5), MgTi2O5 has a pseudobrookite-type crystal structure with low thermal expansion
coeﬃcients among oxides. Since MgTi2O5 has higher stability of pseudobrookite phase than Al2TiO5, it is expected that MgTi2O5based materials are suitable for the next-generation DPF materials. In this study, porous MgTi2O5/MgTiO3 composites have been
prepared by in situ processing (viz. reactive sintering) at 10001200°C. Porous MgTi2O5/MgTiO3 composites with very narrow
pore-size distribution at the diameter of ³1 µm were obtained by the pyrolytic reactive sintering at 10001100°C. Internal porestructure was characterized by mercury intrusionextrusion porosimetry.
©2010 The Ceramic Society of Japan. All rights reserved.
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Diesel particulate ﬁlters (DPFs), typically made of porous
ceramics, are widely used for trapping particulate matter (PM) in
the diesel exhaust.1)4) Major ceramic companies, such as NGK,
Ibiden and Corning, have mass-produced high-performance
DPFs. At present, cordierite (Mg2Al4Si5O18) and silicon carbide
(SiC) are used for DPF materials; the ﬁrst generation, cordierite,
is characterized by its low-thermal expansion, low-cost and
light-weight, while the second generation, SiC, is featured by its
high-strength, high refractoriness, high thermal conductivity and
so on (suitable for high-speed vehicles). Corresponding to a
growing diversity of biodiesel fuels and to severer environmental
regulations, third-generation DPFs materials with low-thermal
expansion, low-cost, high strength and high refractoriness will be
demanded in the future.5),6)
Several double oxides, such as mullite (3Al2O3·2SiO2),2),7)
zircon (ZrSiO4)8) and aluminum titanate (Al2TiO5),9)12) are of
particular interest as candidates of the third generation, due to
their low thermal expansion coeﬃcients among oxides. Among
these candidates, Al2TiO5 (AT) has been eagerly studied due to
its high thermal shock resistance caused by the low-thermal
expansion.13)16) Al2TiO5 has orthorhombic pseudobrookite-type
crystal structure (generally expressed as Me3O5). US Corning and
Japanese Ohcera Co./Sumitomo Chemical Co. are developing
Al2TiO5-based DPFs. Although Al2TiO5 has good thermal shock
resistance and relatively high melting point, undoped Al2TiO5
tends to decompose into Al2O3 and TiO2 at elevated temperatures.17) Due to the large distortion of MeO6-octahedra, Al2TiO5
phase gradually decomposes into Al2O3 and TiO2 under the hightemperature use below 1200°C.17) Furthermore, due to the strong
anisotropy of thermal expansion, resultant microcracks gradually
degrades mechanical properties. Hence, instead of pure Al2TiO5,
Al2TiO5-based composites or solid solutions have been actually
developed for DPF applications.9)16)

MgTi2O5 (MT2) also has orthorhombic pseudobrookitetype crystal structure and also shows low thermal expansion
(Table 1).14) However, the thermal-expansion anisotropy of
MgTi2O5 is not so prominent as Al2TiO5. MgTi2O5 is thermally
more stable than Al2TiO5;18)20) it is reported that even after
the heat-treatment at 700°C for 162 h, crystal structure of the
MgTi2O5 remained as pseudobrookite.21) Hence, MgTi2O5 has
been thought as a “pseudobrookite-phase stabilizer” for Al2TiO5
phase to make Al2TiO5MgTi2O5 solid solutions.22)24) Actually,
Kyocera Co. has proposed MgTi2O5Al2TiO5 DPFs.24) Despite
its prospective characteristics, MgTi2O5 is not so widely studied
as Al2TiO5.5),6)
Thinking about its low-cost, safe, and refractory composition,
MgTi2O5 can be another candidate for the third-generation DPF
material.5),6) The present author has recently reported in situ
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*Lattice constants and linear thermal expansion coeﬃcients are shown as
Cmcm(63) space group.
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Table 1. Lattice constants and linear thermal expansion coeﬃcients of
pseudobrookite-type compounds Me3O5 by G. Bayer14)
Al2TiO5

MgTi2O5

Lattice constants (¡)
at 20°C

a = 3.5875
b = 9.4237
c = 9.6291

a = 3.7442
b = 9.7363
c = 9.9870

Lattice constants (¡)
at 520°C

a = 3.5823
b = 9.4721
c = 9.7262

a = 3.7486
b = 9.7755
c = 10.0526

Lattice constants (¡)
at 1020°C

a = 3.5768
b = 9.5339
c = 9.8393

a = 3.7529
b = 9.8418
c = 10.1450

Linear thermal
expansion (©10¹6/°C)
20520°C

¢a = ¹2.9 « 0.2
¢b = 10.3 « 0.6
¢c = 20.1 « 1.0

¢a = 2.3 « 0.2
¢b = 8.1 « 0.4
¢c = 13.2 « 0.7

Linear thermal
expansion (©10¹6/°C)
201020°C

¢a = ¹3.0 « 0.3
¢b = 11.8 « 0.6
¢c = 21.8 « 1.1

¢a = 2.3 « 0.2
¢b = 10.8 « 0.5
¢c = 15.9 « 0.8
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processing and microstructure of uniformly porous MgTi2O5.
Uniformly porous MgTi2O5 ceramics with very narrow pore size
distribution have been synthesized by one-step pyrolytic reactive
sintering (in situ processing), where decomposed CO2 gas from a
carbonate source acts as an intrinsic pore forming agent.25)29)
In order to control the pore-size distribution, to reduce the
resource cost (i.e., using less TiO2 and more MgO), and to add
some functions, MgTi2O5MgTiO3 pseudobinary system seems
to be attractive. In this paper, thus, porous MgTi2O5/MgTiO3
composites have been prepared by in situ processing at 1000
1200°C. Porous MgTi2O5/MgTiO3 composites with very narrow
pore-size distribution at the diameter of ³1 ¯m were obtained by
the pyrolytic reactive sintering at 10001100°C. Internal porestructure was characterized by using mercury intrusionextrusion
porosimetry.
Similarly to previously reported UPC-3D5),6),25)29) (uniformly
porous ceramic/composite with three dimension network structure), magnesium carbonate is used as a starting materials; decomposed CO2 gas, emitted during the one-step pyrolytic reacting
sintering, forms very uniform open porous structure. Commercially available MgCO3 (basic) powder (approx. 3MgCO3
Mg(OH)23H2O in catalog, 99.9% purity, Kojundo Chemical
Laboratory Co. Ltd., Saitama, Japan), TiO2 anatase powder
(99.9% purity, Kojundo Chemical Laboratory Co. Ltd.), and LiF
powder (99.9%, Wako Pure Chemical Ind., Ltd, Osaka, Japan)
were used as the starting materials. X-ray diﬀraction analysis
revealed that the commercial MgCO3 (basic) powder was
composed of hydromagnesite phase (Mg5(CO3)4(OH)2·4H2O,
ICDD-JCPDS PDF 25-0513). LiF acts as a mineralizer. Note that
low-cost natural resources may be replaceable for magnesium
carbonate and TiO2. It is an advantage of MgOTiO2 system.
MgCO3 and TiO2 powders (Mg:Ti = 39:61 in mole fraction,
corresponding to the eutectic composition of MgTi2O5
MgTiO318)) with LiF (0.5 mass % for total starting powders)
were wet-ball milled in ethanol for 2 h in a planetary ball-mill
(acceleration: 4g). The mixed slurry was dried and then sieved
through a 150-mesh screen.
The reaction behavior of the mixed powder was analyzed
by high-temperature X-ray diﬀraction (HT-XRD) in an X-ray
diﬀractometer (Multiﬂex, Cu K¡, 40 kV and 40 mA, XRD,
RIGAKU, Japan) with a vertical-type goniometer, in the range
between room temperature and 1200°C in air. Each XRD pattern
was acquired after 5 min holding at each temperature.
To obtain bulk porous MgTi2O5/MgTiO3, the mixed powder
was cold isostatically pressed at 200 MPa after mold-pressing.
The green compacts with no binder, 15 mm in diameter and
³3 mm in thickness (cylinder), were sintered in air at 1000
1200°C for 2 h to obtain the porous MgTi2O5/MgTiO3. The
constituent phases of the bulk materials were analyzed by XRD
(Cu K¡, 40 kV and 40 mA). Before the measurement, bulk porous
pellets were pulverized for the powder XRD measurement. The
microstructure of porous MgTi2O5 was characterized using a
scanning electron microscope (SEM, JSM-6500F, JEOL, Tokyo,
Japan). The pore-size distribution was determined by mercury
intrusionextrusion porosimetry (PoreMaster-60-GT, Quantachrome/Sysmex, Kobe, Japan). Washburn equation was used to
calculate the pore size, where mercury surface tension is
480 dyne/cm and mercury contact angle is 140°.30)
Figure 1 shows HT-XRD patterns for the MgCO3 (basic)
and TiO2 mixed powder (Mg:Ti = 39:61 in mole fraction)
doped with LiF (0.5 mass % for total starting powders). From
room temperature to ³300°C, only hydromagnesite (i.e., basic
MgCO3) and TiO2 anatase phases were conﬁrmed. Around 400
820

Fig. 1. High-temperature in situ X-ray diﬀraction patterns for the
MgCO3 and TiO2 mixed powder (Mg:Ti = 39:61 in mole fraction) doped
with LiF (0.5 mass % for total starting powders).

Fig. 2. XRD patterns for the porous MgTi2O5/MgTiO3 composites
sintered at 10001200°C.

500°C, MgCO3 started to decompose into MgO ﬁne particles (see
a broad peak 2ª ³ 43°, corresponding to MgO(200)). At ³700°C,
intermediate MgTiO3 phase began to form, and it was clearly
observed at 700900°C. At 900°C, un-reacted TiO2 anatase
partially converted to TiO2 rutile phase. More than 1000°C,
formation of MgTi2O5 phase became prominent. At 1000
1200°C, MgTi2O5 and MgTiO3 phases were obtained. This HTXRD study suggested that porous MgTi2O5/MgTiO3 composites
can be obtained for sintering temperatures of 10001200°C.
Figure 2 shows XRD patterns for the porous MgTi2O5/
MgTiO3 composites sintered at 10001200°C. All peaks were
indexed as orthorhombic pseudobrookite-type structure
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Fig. 4. Pore-size distributions determined by mercury intrusion
extrusion porosimetry for the porous MgTi2O5/MgTiO3 composites:
(a) intrusion showing pore-channel size and (b) extrusion showing
internal pore-size.

Fig. 3. SEM micrographs of the porous MgTi2O5/MgTiO3 composites
sintered at (a) 1000°C, (b) 1100°C, and (c) 1200°C.

(MgTi2O5, karrooite) and trigonal ilmenite-type structure
(MgTiO3, geikielite). In situ processing in this study was
eﬀective to obtain porous MgTi2O5/MgTiO3 composites.
Figure 3 demonstrates SEM micrographs of the porous
MgTi2O5/MgTiO3 composites. Corresponding to the anisotropic
crystal structure, elongated MgTi2O5 grains were formed during
the in situ processing. At 1000°C, equiaxed ﬁne MgTiO3
particles formed colony-like structure, and they dispersed in
the elongated MgTi2O5 grains matrix (Fig. 3(a)). At 1100°C,
MgTiO3 grew with the size of ³1 ¯m, and they dispersed more
homogeneously in the MgTi2O5 matrix (Fig. 3(b)). When the
sintering temperature was 1200°C, the microstructure became
relatively dense (Fig. 3(c)). Probably due to the high sinterability
of MgTiO3 phase, structural change with temperature was more
prominent for the porous MgTi2O5/MgTiO3 composites, compared with monolithic porous MgTi2O5.6)
Figure 4 shows pore-size distributions determined by mercury
intrusionextrusion porosimetry for the porous MgTi2O5/
MgTiO3 composites: (a) intrusion showing pore-channel size,
and (b) extrusion showing internal pore-size.30) In spite of the

remarkable porosity change, the open pore-size for these
composites remain ³1 ¯m (or more precisely 0.70.9 ¯m,
Fig. 4(a)). The pore-size distributions calculated from the
extrusion curves (Fig. 4(b)) nominally correspond to the internal
pore-size. From these curves, we can estimate the pore-structure
of the composites sintered at 10001100°C: pore-channel of
³1 ¯m and internal pore-size of ³4 ¯m. Relatively large internal
pore-size can be explained by the irregular (or L-type) shape
of MgTi2O5 matrix grains. At a higher sintering temperature
(1200°C), the microstructure became denser, the grains became
less anisotropic (see Fig. 3(c)), and the diﬀerence between porechannel size and internal-pore size became smaller.
Table 2 summarizes the pore structure of the porous
MgTi2O5/MgTiO3 composites. From these data, the porosity
can be controlled (³1050%) by changing the sintering temperature, with keeping the pore size close to 1 ¯m. Although the
pore-size of 1.0 ¯m is rather small for ordinary DPF application
(³10 ¯m), it can be further controlled e.g., by the addition of
sacriﬁcial pore-forming agent (like porous cordierite) or by the
use of coarse grains (like porous SiC). Besides, the pore-size of
1.0 ¯m might be suitable for much severer ﬁltration purposes
(e.g., PM2.5 or smaller).
In this report, in situ processing and microstructure of porous
MgTi2O5/MgTiO3 composites were presented. Porous MgTi2O5/
MgTiO3 with narrow pore-size distribution at ³1 ¯m were
successfully prepared by one-step reactive sintering. The porosity
was controllable between ³10 and ³50% only by changing the
sintering temperature with almost keeping the pore size.
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Table 2. Pore structure of the porous MgTi2O5/MgTiO3 composites
prepared by the reactive sintering method

12)

Sintering
temperature
(°C)

VP
(cm3/g)a

SP
(m2/g)b

DMode
(¯m)c

DAverage
(¯m)d

P
(%)e

1000
1100
1200

0.329
0.227
0.078

1.76
1.28
0.45

0.82
0.90
0.73

0.75
0.71
0.69

53.3
43.6
11.7

a: Total pore volume.
b: Speciﬁc surface area, determined by mercury porosimetry.
c: Mode pore diameter.
d: Average pore diameter, calculated from DAv = 4VP/SP.
e: Porosity, P = 100VP/(sample bulk volume/mass).
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