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Abstract: The reactive spontaneous infiltration of Al-activated TiO, (anatase) was investigated. Pure Al powder was blended with
TiO, for activation. They were compacted into the preform and then sealed within 6060 alloy mould. The activation and infiltration
were carried out in 6060 alloy bath for 1 h and comparative sintering experiments were carried out in an argon protected environment
under the same conditions of temperature and duration. X-ray diffraction analysis proved that the Al sealed environment was superior
to the argon protection on activating the reaction between Al and TiO,. The blending ratio of TiO, to Al and the temperature were
found to play the most important role in infiltration by affecting infiltration and reaction kinetics. Three main types of
microstructures were observed after infiltration: full infiltration, partial infiltration with the formation of cracks and no infiltration.
The formation of these microstructures was explained on the basis of reaction kinetics and local volume changes due to the reactions.
Ultimately, it is found that to obtain an overall good spontaneous infiltration, a TiO, to Al blending ratio around 3:7 in volume and an

infiltration temperature around 900 °C are the most suitable.
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1 Introduction

With the progress of technology, more challenges of
course will be raised for different industries, such as

automotive, aerospace and electro-packaging
industries [1]. For instance, according to new
environmental rules, automotive industries should

change their strategies to produce vehicles with lower
CO, emission. One of the solutions is changing the
design of components which are used in the vehicles to
reduce their weight and maintain even improve their
mechanical properties. However, the parts with new
complex designs cannot be produced by conventional
technologies and require new production technologies
like additive manufacturing (AM) technologies. In fact,
by AM technologies, it would be possible to produce any
complex shape and fulfill the required criteria [2,3].
Nonetheless, since this technology is recently developed,
several efforts should be undertaken to reduce the cost of
production. Another solution that can address the future
challenges is materials development which is more
economical and easier than technology development.

The wide application of aluminum in the
automotive and aerospace industry, makes aluminum-
matrix composites an important option to meet future
challenges in the design of structural components. In this
concern, the reinforcement material used in the
production of composites plays a key role in order
to maximize the mechanical performance of the
composites [4—8]. The use of nanometric reinforcement
materials for the development of aluminum-matrix
composites has demonstrated a positive effect on the
mechanical behavior of the final products [9].

Metal matrix nanocomposites (MMNCs) reinforced
by nanoparticles has been developed over last decades
and gradually formed an important part in materials
selection for aeronautic, automotive, defense and electro
packaging industries [10—14]. In recent years, there has
been an increasing interest in the development of new
composite materials and fabrication techniques [15—18].
In-situ composites are multiphase materials where the
reinforcing phases are synthesized within the matrix
during composite fabrication [19]. Due to the formation
of ultrafine and thermal-stable ceramic or intermetallic
reinforcements, the in-situ composites present excellent
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mechanical properties [20]. Together with the
development of various fabrication techniques, in-situ
composites have been attracting considerable attention
over the last thirty years.

TiO,—Al is an interesting material system where the
products are tailorable by controlling the ratio between
starting reagents [21], i.e.,

TiO,+Al— AL O;+Ti,,0,+Ti,Al,

Al O; together with one or several intermetallic
phases (Ti;Al, TiAl and TiAl;) and titanium oxides
phases (Ti,0, TiO, Ti,0;, Ti30s, etc.) have been observed
after TiO,—Al reactions [22]. In this system, several
approaches, such as self-propagating high-temperature
synthesis (SHS) [23], reactive hot pressing (RHP) [24],
reactive infiltration [25,26], have been tested and
demonstrated to be feasible for preparing in-situ
composites. For example, HORVITZ et al [24] fabricated
an Al,O;—Ti aluminide interpenetrating composite from a
compacted 3TiO,—7Al powder blend by SHS and RHP
techniques; PENG et al [27,28] fabricated TiAl;—Al,O;—
Al in-situ composites through squeeze casting route.
Among all the approaches, reactive infiltration method is
most commonly investigated in the literatures, and the
standard processing comprises the pressure infiltration of
Al into TiO, preform followed by a further reactive
heat-treatment. For instance, PAN et al [29] reported a
TiAl;—AlL,O;—Al composite by squeeze casting Al into
anatase TiO, whiskers and then heat treating. WAGNER
et al [30] fabricated an interpenetrating Al,O;—TiAls
composite by infiltrating Al into sintered TiO,-containing
Al,O; preforms, followed by annealing for 4 h in air at
640 °C. However, owing to the volume shrinkage of the
products during the annealing treatment, porosity
develops between the in-situ formed products, which
worsens the composite performance in many aspects.
One possible solution to overcome these problems and to
avoid the need for high pressure is to develop
spontaneous infiltration techniques, where infiltration is
carried out along with the reactions, and hence the
porosities formed by the shrinkage are filled
simultaneously during the infiltration. However, little
attention has been paid to the reactive spontaneous
infiltration of TiO,—Al and less research progress has
been reported in this field.

This work presents a study on the reactive
spontaneous infiltration of TiO,—Al. Some phenomena
related to the kinetics of reaction and infiltration are
revealed and investigated, and the influence of some key
parameters is discussed.

2 Experimental

In-situ TiAl;—Al,0;—Al composites were fabricated
by the reactive spontaneous infiltration technology. The

processing  steps  comprised TiO,—Al  mixture
preparation, preform forming, sealing into Al alloy molds
and pressureless infiltration. Anatase TiO, powders
(<45 pm, from Sigma Aldrich) and Al powders (<45 pm,
from Alfa Aesar) were used as starting materials in the
present work. 6060 aluminum alloy (from CO.ME.F.I.
Metalli srl) was used to prepare the molds for sealing and
served also as infiltration bath after melting.

Anatase TiO, and Al powders were mixed by
stirring in ethanol and then dried by heating. The
blending ratios were 3:7, 1:1 and 7:3 in volume, which
corresponded to TiO,—70vol.%Al, TiO,—50vol.%Al and
TiO,—30vol.%Al, respectively. These mixtures were
compacted into cylinder-shape preforms with diameters
of 10 and 12 mm, respectively, through unidirectional
cold pressing under a pressure of 175 MPa. The d12 mm
preforms were placed and sealed into 6060 aluminum
molds for further pressureless infiltration treatment,
while the d10 mm preforms were used for pressureless
sintering treatment as comparison. In the pressureless
infiltration treatment, the sealed preforms were treated in
a fast heating furnace (Bicasa). They were heated to the
required temperature (800, 900 and 1000 °C) at 300 °C/h
and then kept at that temperature for 1 h. After furnace
cooling, they were taken out directly from the molten Al
bath at 700 °C and further cooled to room temperature in
air. In the pressureless sintering treatment, the 10 mm
preforms were placed in a furnace working under argon
protection, heated to the required temperature (800, 900
and 1000 °C) at 300 °C/h and kept for 1 h. Afterwards
they were cooled to room temperature inside the furnace.
The schematics of experimental processes are shown in
Figs. 1(a) and (b).

The treated specimens were cut, and the
morphology and phase composition were analyzed by
optical microscopy and X-ray diffractometry,
respectively. To study the microstructure of specimens by
an optical microscope (OM), they were mounted in resin
and ground with SiC papers down to 4000 grit size and
thereafter by diamond paste (down to 1 um) [31,32]. The
panoramas of the cross sections were stitched from at
least 100 photos.

X-ray diffraction (XRD) patterns of as-polished
samples were recorded on a Philips X’Pert diffractometer
using Cu K, radiation. Sample preparation for XRD
analysis included grinding the samples with the height of
less than 5 mm down to 4000 grit size SiC paper,
washing and drying.

3 Results and discussion
3.1 Reaction mechanism

The XRD patterns of TiO,—70vol.%Al samples,
both sintered and infiltrated in a temperature range of
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800—1000 °C are presented in Fig. 2. As a reference, the
XRD pattern of a green preform from TiO,—70vol.%Al
mixture is also given in the figure. The starting preform
displayed the specific peaks of Al and anatase as
expected. The change in the peaks intensity and the
appearance of new peaks reveal that some reactions took
place during various sintering and infiltration processes.
For the sample sintered at 800 °C, some low-
intensity peaks of rutile, a-Al,O;, TiAl; and Ti,O,
(titanium oxides with lower oxygen content than TiO,,
such as Ti;0s, Ti,03, TiO and Ti,O) appeared, along with
the weakening of the peak-intensity of anatase phase.
This indicates that during the reactive sintering at
800 °C, two phenomena took place, a reaction between
Al and TiO, (Reaction 1) and the phase transformation of
anatase into rutile (Reaction 2).
TiO,+Al— Al,0;+Ti,,0,+TiAl, (1)
(2)

these reactions were relatively mild,
because anatase and Al phases still co-existed after 1 h of

TiO, (anatase)— TiO, (rutile)

However,

Pressure
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sintering ™
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sintering at 800 °C.

At the higher sintering temperature of 900 °C,
anatase, rutile, Ti,,0,, a-Al,O3, TiAl; and Al phases were
identified. The result is very similar to the case of
sintering at 800 °C, except that the intensity of anatase is
much lower and that of Al,O3 and TiAl; is much higher.

After sintering at 1000 °C, the starting anatase and
Al phases were almost completely consumed after 1 h,
because they were converted into the final products of
a-Al,O; and TiAl; according to the following equation:

3)

From the above XRD phase analysis of sintered
TiO,—70vol.%Al specimens, it can be concluded that
above 800 °C anatase converts into the more stable rutile
phase, and that the reactions between TiO, and Al lead to
the formation of transitional Ti,,O, phases (such as Ti;Os,
Ti;05, TiO and Ti,O) at low temperature. At higher
temperature, the reaction forms mainly Al,O; and TiAl;,
with the kinetics of the reaction increasing with

3TiO,+13A1—2A1,0;+3TiAl;

temperature.

Pressure

Preform for

Pressure infiltration

Fig. 1 Schematics of experimental processes: (a) Preform preparation for sintering; (b) Preform preparation for infiltration
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Fig. 2 XRD patterns of TiO,—70vol.%Al specimens with different treatments
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In the cases of infiltrated TiO,—70vol.%Al
specimens, similar transitional Ti,O, phases were
detected as well at low temperature, while no rutile was
observed. At 800 °C, the peaks of TiO, (both anatase and
rutile) were not present anymore, while TiAl; had higher
peak intensity compared to the case of sintered
specimens, and only small peaks of the transitional Ti,,O,
phases were observed in the pattern. At 900 and 1000 °C,
the patterns were very similar, which indicates that
complete reaction took place. Excess Al was observed in
these two specimens, which probably came from the
external Al bath during infiltration.

Figures 3 and 4 exhibit the XRD patterns of
TiO,—50vol.%Al and  TiO,—30vol.%Al  samples,
respectively. Similar phase analysis was carried out as in
Fig. 2, and the results are summarized in Table 1.

By reducing the aluminum content, there is a clear
increase in the transitional Ti,O, phases quantity, and
also some TiAl, intermetallic forms. Moreover, the
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reaction seems less intense than in the aluminum-richer
compositions. This is reasonable since for the Reaction
(3) a theoretical volume ratio between TiO, and Al of 2:3
is expected, corresponding to 60 vol.% Al. Thus, at least
for the sintering case, where no additional Al can sustain
the reaction, the presence of partially reacted phases is
expected.

The comparison between sintered and infiltrated
samples shows that the intensity of the TiO,—Al reaction
is higher in the infiltration cases (with the same blending
ratio and heat treating temperature). This is probably due
to the fact that in the infiltration case extra Al has
accessed to the reacting mixture, and lower oxygen
partial pressure is experienced during the infiltration,
thanks to the sealing effect of the liquid Al alloy bath.
The access of extra Al could increase the contact area
with TiO, phase, and thus promote the reaction. Oxygen
partial pressure could modify the thickness of the
aluminum oxide layer surrounding the Al powders and
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Fig. 3 XRD patterns of TiO,—50vol.%Al specimens with different treatments
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Fig. 4 XRD patterns of TiO,—30vol.%Al specimens with different treatments
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Table 1 Phase composition of various specimens

Temperature/
°C

Method TiO,—70vol.%Al

TiO,—50vo0l.%Al TiO,—30vol.%Al

Green preform Anatase, Al

Anatase, Al Anatase, Al

Anatase, Al, rutile,

800 . . Anatase, Al, rutile, Ti,,0,, Al,O4 -
T1A13, Tl,,,On, A1203
Sintering . . . . . . .
900 TiAls, Al rutile, Ti,,O,, ALLO; TiAl;, Al, AL,O;, rutile, Ti,,0, Anatase, Al, Al,O5, rutile
1000 TiAl;, Al,O;, Al Ti,,0, TiAl;, Al,O;3, Ti,, 0, Al Al,O;3, Ti,, 0,
800 TiAl;, Al Ti,,0,, Al,O; TiAl;, Al, Ti,,0,, Al,O5 TiAl;, Al, Ti,,0,, Al,O3
Infiltration 900 TiAl;, Al, Al,O; TiAl;, TiAl,, Al, Al,O5 TiAl;, TiAl,, AL O3, Ti, 0, Al
1000 TiAl;, Al, Al,O5 TiAl;, TiAly, Al, Al,O; TiAl;, Al Ti,,0,, Al,O3

The phases in bold are the major phases, and the rests are the minor phases

affect the spreading of liquid Al over the TiO, phase. In
the sintering cases, specimens were protected by high
purity argon (=1x107 of oxygen), so that the oxygen
partial pressure was calculated to be around 1x107 Pa,
considerably higher than the critical oxidation pressure
of Al (for instance 1x10*° Pa at 900 °C and 1x10 %’ Pa
at 1200 °C). Therefore, a sufficiently thick and dense
aluminum oxide layer would form on the surface of Al
phase to slow further oxidation. Instead, in the
infiltration case, specimens were arranged in a closed
environment (sealed by Al bath), and the oxygen in the
sealed space would be gradually consumed until some
equilibrium is reached (e.g., oxidation and reduction). In
this way, an extremely low value of PO, is probably
achieved and the thickness of surface aluminum oxide
layer is therefore reduced.

Besides, the raising in temperature can effectively
increase the diffusion ability and critical oxidation
pressure of Al. This would lead again to the reduction of
the thickness of the surface aluminum oxide and bring
faster Al diffusion over the oxide layer. Therefore,
raising temperature can also enhance the reaction
kinetics between TiO, and Al.

As suggested by CHEN et al [33], the reduction of
TiO, by Al is a stepwise process, which is likely to occur,
from the perspective of thermodynamics, according to
the following sequences:

9TiO,+2A1— 3Ti;05+Al,0; (4)
6Ti;05+2A1—9Ti,05+ALO; (5)
3Ti,05+2A1— 6TiO+ALO; (6)
6TiO+2A1— 3Ti,0+Al,05 (7)
3Ti,0+20A1— 6TiAl;+AlLO; (8)

In the temperature range of 800—1000 °C, the
reaction thermodynamics are much the same in both the
sintering and infiltration treatments. Thus, it seems only
a matter of time to obtain complete reaction products,
provided that sufficient Al is available. However, the

products would be further affected by various
phenomena involved, for instance, the mass transfer and
the chemical or physical changes during reactive
sintering of TiO,—Al.

3.2 Morphology

Figure 5 presents the cross-sectional panoramas of
specimens of TiO,—70vol.%Al, TiO,—50vol.%Al and
TiO,—30vol.%Al sintered for 1 h at 800, 900 and
1000 °C, respectively. Each of these images was
obtained by stitching at least 100 micrographs. Despite
the specimens sintered at 800 °C were too fragile to be
polished, the main features of these cross section were
still distinguishable. One of the common features of the
sintered specimens is the appearance of annular layers,
which is most evident in the specimen sintered at
1000 °C with a TiO,-to-Al blending ratio of 1:1
(Fig. 5(b3)). The annular layers were formed probably by
the combustion waves induced from TiO,—Al reactions,
while the involved complex movement of liquid Al phase
resulted in the individual microstructure of the single
specimen types. For instance, when Al phase is abundant,
the tendency for liquid Al phase to converge in the center
is evident, probably in order to lower its surface energy,
bringing to a “central-gathering” microstructure, where
the pores of the preform are filled in the central area,
leaving the external zone of the specimens poor in
aluminum (Fig. 5(a)). When Al phase is not sufficient to
get the full reaction, but still present in rather high
quantity, liquid Al phase can only gather in short range at
some local area with better wettability (e.g., at some
combustion wave front where a higher temperature is
observed); this phenomenon leads to the ‘“annular-
gathering” microstructure, where alternated Al-rich and
Al-poor rings are observed (Fig. 5(b)). When the
quantity of Al phase is very low, liquid Al phase can
hardly flow anywhere, and no evident annular layer is
observed in TiO,—30vol.%Al specimens (Fig. 5(c)).

Another common feature in the sintered specimens
is the presence of cracks. Two typical forms of cracks are
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(a)) 800 °C (a2)

3000 um
(b)) 800 °C (by)

(c1) 800 °C (c2)

3000 um 3000 pm

900 °C (as)

900 °C (b3)

900 °C (c3)

1000 °C

3000 pm
1000 °C

1000 °C

3000 pm

Fig. 5 Cross-sectional panoramas of sintered specimens: (a) TiO,—70vol.%Al; (b) TiO,—50vol.%Al; (¢) TiO,—30vol.%Al

shown in the images: one is a uniform cracking within
the entire specimen (Fig. 5(c)), and the other is the radial
cracking that starts from the exterior (Fig. 5(a;) and
Fig. 5(bs)). Volume variation is one major reason for
these cracks, that comes from two aspects: the first is the
volume shrinkage from anatase (3.9 g/cm’) to rutile
(4.2 g/em®) phase, and the other is the TiO,—Al reaction.
The volume variations in various steps of the reaction
can be evaluated in Reactions (3), (4), (9) and (10):

6TiO,+2A1—3Ti,05+Al,03 C)
3TiO,+2Al—3TiO+ALO5 (10)

Generally, there is a reduction in the total volume
after the possible reactions take place between TiO, and
Al, as shown in Table 2 (the following density data are
applied in the calculation, in g/cm’: TiO,, 3.9; Al, 2.7;
Ti;0s, 4.9; Ti,O;, 4.5; TiO, 5.0; TiAls, 3.3; ALO;, 3.9).
This increases the porosity in the sintered specimens. On

the other hand, the volume of solid phases greatly
increases, especially when TiAl; is formed, and this can
generate cracks in the specimen. Thus, the uniform
cracking is probably caused by a homogeneous volume
shrinkage within the specimens, while the radial cracking
is probably due to a local, severe and incongruous
volume variation of the solid phases during the reactions.

Figure 6 exhibits the cross-sectional panoramas of
specimens of TiO,—70vol.%Al, TiO,—50vol.%Al and
TiO,—30vol.%Al infiltrated for 1 h at 800, 900 and
1000 °C, respectively. The microstructures are quite
different from the corresponding cases of sintering, with
fewer cracks and pores, thanks to the infiltration of liquid
aluminum from the infiltration bath.

When being compared to the sintered TiO,—
70vol.%Al specimens, the appearance of the infiltrated
TiO,—70vol.%Al ones demonstrated that a successful
infiltration took place. The structure is homogeneous,



Abdollah SABOORYI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 657—666

and aluminum can be found all around the specimens, as
shown in Fig. 5(a). However, as shown previously by
XRD phase analysis, only the TiO,—70vol.%Al
specimens infiltrated at 900 and 1000 °C for 1 h are
completely reacted, while the ones infiltrated at 800 °C
still contain transitional Ti,,O, phases.

663

The case of the sample of TiO,—50vol.%Al
infiltrated at 800 °C for 1 h (Fig. 6(b,)) is similar to the
previous ones, since a homogeneous structure is
observed, demonstrating a successful infiltration of the
Al-TiO, compact by the liquid aluminum alloy. Instead,
the TiO,—50vol.%Al specimens infiltrated at the higher

Table 2 Evaluation of volume variation in reactions between TiO, and Al

Volume variation rate/%

Reaction Reactant Volume of reactions/cm® Product Volume of products/cm®
In total In solid phase
9TiO; (s 184.6 3Ti;0s (s 137.1
o (&) 05 () 202 -11.5
2A1(1) 20.0 ALLO;5 (s) 26.2
6TiO; (s) 123.1 3Tiy0; (s) 96.0
O] —-14.6 -0.7
2A1 (1) 20.0 AlLO3 (s) 26.2
3TiO; (s 61.5 3TiO (s 38.4
(10) 2(5) ) 207 5.0
2A1 (1) 20.0 AlLO;3 (s) 26.2
3TiO; (s) 61.5 3TiAl; (s) 117.3
3) -11.4 175.8
13A1 (1) 130.0 2A1,05 (s) 52.3
(ar) 800 °C (ay) 900 °C (a3) 1000 °
4000 pum 4000 pm™
(b)) 800 °C (by) 900 °C (bs) 1000 °C
4000 um 4000 um
(c1) (c2) 900 °C (c3) 1000 °C

4000 p

Fig. 6 Cross-sectional panoramas of infiltrated specimens: (a) TiO,—70vol.%Al; (b) TiO,—50vol.%Al; (¢) TiO,—30vol.%Al
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temperature of 900 and 1000 °C (Fig. 6(b,) and
Fig. 6(bs), respectively) present an inhomogeneous
structure. In these two specimens, a dense outer layer
that surrounds a porous inner core is formed, and several
radial cracks filled with Al can be noticed in the outer
layer. A
TiO,—30vol.%Al specimens, even if some difference
may be outlined. In this case, an outer layer and some

similar behavior is observed in the

radial cracks are observed in the specimens infiltrated at
1000 °C (Fig. 6(c3)), while only a slight reaction layer is
found in 900°C ones (Fig. 6(c;)) and neither
infiltration nor outer layer are noticed in the 800 °C case
(Fig. 6(c1)).

To explain these structures, it must be considered
that in the case of TiO,—70vol.%Al and TiO,—50vol.%Al
specimens a rather high amount of aluminum is already
present in the preform. As shown by XRD analysis, this
brings to the formation of a noticeable quantity of TiAl;,
which greatly improves the wettability of the preform
and facilitates the successful infiltration. At 800 °C,
however, the reaction kinetics is relatively slow, so that
while the TiAl; phase is formed throughout the sample,
infiltration can take place from the outside, filling the
voids and bringing to a dense composite.

The same thing does not happen in TiO,—30vol.%Al
specimens at 800 °C, because in this case a lower
quantity of the TiAl; phase is formed, as shown in the
XRD spectrum, due to the lower available quantity of
aluminum. The failure in infiltration at 800 °C is
generated by the insufficient amount of this phase.

In the case of higher temperature, 900 and 1000 °C,
another mechanism takes place instead, since an
incomplete infiltration is observed also in the case of
TiO,—50vo0l.%Al specimens. At these temperatures, it
must be considered that the reaction rate increases, and
TiAl; is formed more rapidly. As shown in Table 2, there
is a great increase in the volume of solid phases during
the formation of TiAl;. Consequently, the infiltration
paths among the solid phases in the specimens is
narrowed or even blocked before the full infiltration can
take place, which impedes the infiltration progress.
However, since the preform is immersed in a bath of Al
alloy, the newly-formed TiAl; phase is slowly dissolved
by the surrounding Al, and the infiltration is only slowed
down and not completely blocked. However, when the
surrounding Al bath encounters some unreacted TiO, or
transitional Ti,O,, it generates a local volume increase
that brings to radial cracking towards the interior, with
the cracks filled by external Al due to the good
wettability. The reason why the specimens as shown in
Figs. 6(by), (bs), (c») and (c3) are only partially infiltrated
is essentially due only to the slowness of the infiltration.

Therefore, it is necessary to control both the
TiO,-to-Al blending ratio and the infiltration temperature
in order to obtain a successful spontaneous infiltration.

4 Conclusions

(1) The reaction between TiO, and Al was
confirmed to happen through a series of reactions with
transitional titanium oxides (Ti,O, TiO, Ti,O; and Ti;O5)
with lower oxygen content than TiO,, that were detected
during TiO,—Al in both sintering and
infiltration treatment.

(2) TiAl; and a-Al,O; were found to be the final
products of the reaction in the temperature range of
800—1000 °C, at least in the case of excess of Al

(3) It was also demonstrated that the sealing of the

reactions

preform by Al improves the TiO,—Al reactions with
respect to a standard argon atmosphere, where oxide
layers and limited wettability can reduce the reaction
extent.

(4) Regarding the composites formation, it was
demonstrated that the wettability of TiO, can be
activated by blending with Al and that the infiltration
can be controlled by a convenient choice of both the
TiO,-to-Al
temperature.

(5) Three main types of microstructures were
observed after infiltration: full infiltration, partial

blending ratio and the infiltration

infiltration with the formation of cracks and no
infiltration. The formation of these microstructures was
explained on the basis of reaction kinetics and local
volume changes due to the reactions.

(6) It can be said that, to realize an overall good
spontaneous infiltration, a TiO,-to-Al blending ratio
around 3:7 in volume and an infiltration temperature
around 900 °C are the most suitable.
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8 E: W5 ALV TIOy(BUEKE B R BL A R IBE . A T RHMTIE, Jeal ALK S Tio, 1R, FRK Rk
TiidileE, RS %ET 6060 A S AT . FHAABIEIRIRIE 6060 FHA W TEM, WAl 1 he YENXFHL, #EH
7 PO P A TR 26 A T, FERUVSARI IR BE AT R 4500 . X R AT TR W, 3 Al 5 TiO, I R RS AR
Al BHEIFGFM T EARY . R, Tio, 5 Al KRG AR msE R N B) )%, EBEdRPiEE
BMER . BiEE SRR 3 F EER RGN BeBE. BB HERRENTBE. ET RN IR
NSRRI, RO RS RR N . B, TFRRIL, N TSR EE R E RIBIE, TiO,
5 AVBAH(EFIEZ) 3.7, BB IEEZ) 900 °C HCNEH .

XBIR: [HRBIE: LIRS TiO-Al KN B3B8 1% A %
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