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Abstract

In this paper, B-Sis.,Al,O;Ng.; (z = 1) powder was synthesized via combustion
synthesis (CS) assisted with mechanical activation by a high energy planetary ball
milling under various nitrogen pressures (0.7, 1.0, 1.5, and 2.5 MPa). The effect of ball
milling time and nitrogen pressure on the reaction rate and microstructure of CSed
products were investigated using XRD and SEM. The effect on the nitrogen pressure
required for CS of B-SiAION was also examined. The results show that prolonged
milling time was effective for enhancing the reactivity of raw materials and also for
promoting the conversion rate of B-SiAION. The mechanical activation also minimized
nitrogen pressure required for the CS of B-SIAION, which the reaction can
self-propagate at only 0.7 MPa in nitrogen pressure. Significantly, the rod-like crystals
agglomerated together with increasing ball milling time, and became longer and thicker

with increasing nitrogen pressure.
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1. Introduction

The B-SIAION, being most commonly described as B-Sig_,Al,O,Ng_, is the solid
solution of B-SizN4 in which Si-N has been substituted with an equivalent amount of
Al-O, in which z takes the values from 0 to ~4.2 [1,2]. B-SiAION materials have been
attracting considerable attention on account of their being suitable for high-temperature
applications owing to their excellent mechanical and thermal properties, superior
chemical stability, and a conspicuous thermal-shock resistance. Recently, the report of
use of Eu**-doped B-SiAION phosphors for down-conversion luminescent materials in
white-light-emitting diodes (LEDs) indicates that B-SiAION-based materials have more
extensive application potential in many fields as functional materials [3,4]. However,
additional applications can be explored, if the cost could be significantly reduced.

Combustion synthesis (CS), known as self-propagating high-temperature synthesis
(SHS), has been proven to be a cost-effective and energy-saving technology for the
synthesis of a variety of materials such as nitrides [5], hydrides [6], and oxides [7]. For
combustion synthesis of B-SIAION, the presence of the un-reacted Si was attributed to
the melting and subsequent conglomeration caused by the extremely high reaction
temperature and the high reaction rate of the combustion synthesis. The use of diluents
such as B-SIAION could help to lower the combustion temperature as well as improve
the conversion degree of reactants accordingly. However, the mass ratio of diluents was
often as high as 40% of raw materials [8,9]. This actually results in the increase of the
material cost. Thus, we need search for a method which could reduce the mass ratio of

diluents additives and also improve the conversion degree of reactants.



Mechanically activated (or assisted) SHS (MASHS) is currently a subject of
extensive experimental investigation and has been applied in a number of systems
[10,11]. It has been observed in many systems that preliminary MA of reactants brought
about a decrease in both the ignition and combustion temperatures and an increase in the
conversion degree [12-17]. The mechanical activation has also been reported
responsible for the reduction of the minimum nitrogen pressure required for the CS of
SizN4 [18]. As part of our previous research [19-21], B-SIAION powders (z = 1 to 4)
were successfully combustion synthesized at the relatively low nitrogen pressure of 1
MPa assisted with mechanical activation. In this study, our purpose was to combustion
synthesize B-SIAION powders under various nitrogen pressures assisted with different
duration mechanical activation. Then we would investigate the effect of mechanical
activation and nitrogen pressure on reaction conversion rate and microstructure of CS of
B-SIAION, and we also presented the effect of mechanical activation on the minimum

nitrogen pressure required for CS of B-SIAION.



2. Experimental procedure

In this study, commercially available powders of Si (98% purity; 1-2 um in size);
Al (99.9% purity, 3 um in size); SiO; (99.9% purity, 0.8 um in size) were used as
starting materials. The chemical reaction for the synthesis of B-SIAION from the
abovementioned starting materials can be represented as follows, where in this study z =

1.

(6-1.52)Si + Al + 0.525i0, + (4-0.52)N, — B-Sis_Al,0;Ng_; (1)

The mixtures of the starting materials were mechanically milled by a planetary ball
milling for various durations of time in a steel container with a volume of 250 ml. Steel

balls with the diameter of ¢ 10 mm were used as the milling media. The ball-to-sample

weight ratio was taken as 10:1. The ball milling was processed at 300 rpm. To avoid
high temperature produced during long time milling, the process paused for 10 min at
every 15 min. The activated powders were subjected to CS under the applied nitrogen
pressures (nitrogen purity: 99.999%). The conditions necessary for CS have been
described in detail elsewhere [20,21]. The phase of the reaction products was identified
by X-Ray diffraction (XRD) (Cu Ka-radiation). The microstructure was examined by

scanning electron microscopy (SEM).



3. Results and Discussion

B-SIAION powder was combustion synthesized assisted with various duration
mechanical activation in pressurized nitrogen ranging from 0.7 to 2.5 MPa. Fig. 1 shows
the XRD patterns of the raw mixtures milled to different time. The intensities of all the
peaks decreased significantly with increasing milling time, while the broadening
increased synchronously, which can be attributed to the amorphization of the raw
powders. The peaks of Al and SiO, disappeared almost after milling to 10 h. Because
the amount of Si took up more than half of the total mass in raw materials, here only the
amorphization degree and the crystallite size of Si were calculated. The amorphization
degree was calculated according to (1-1/lp) x 100%, in which, I is the intensity of the
Sia11) peak in the mill-treated reactants, and lo is the intensity of the un-milled Sig11)

peak. The crystallite size was estimated using Scherrer formula

L =0.891/(fcosO) @)

here L is the crystallite size (nm), g is the full width at half-maximum (FWHM) of the
diffraction peak that appeared at Bragg angle 26 (nm), and A is the corresponding
wavelength of the X-ray radiation (nm). In this equation, the broadening of diffraction
peaks by the internal stress is not considered. The variation of the amorphization degree
and crystallite size of Si in the milled mixtures as a function of milling time is presented
in Fig. 2. The amorphization degree increased and the crystallite size decreased with an
increase in milling time. When the raw reactants were milled to 10 h, the amorphization

degree increased to 62%, while the crystallite size decreased to the value of 32 nm. The



reduced particles can also be seen from the SEM micrographs shown in Fig. 3. Their
size reduced significantly after 10 h ball milling, and they cohered together due to high
specific surface area. Besides the reduced particle size, it is believed that various defects
can be formed during mechanical activation, and the high defect concentration plays a
significant role during the combustion synthesis.

Fig. 4 shows the XRD patterns of CSed products with different ball-milling time
under the nitrogen pressure of 1 MPa. All of the products consisted of B-SiAION and
un-reacted Si. According to the relative intensity ratio of the maximum peaks for the
two compositions, the content of un-reacted Si decreased gradually with the increase of
milling time. One reason can be considered that the reactivity and the storage energy in
the raw mixtures were promoted by the effective mechanical activation. In addition, it
has been proven that heat release in mechanically activated samples begins and
proceeds in several stages at lower temperatures than in the un-activated powder
mixtures [14]. This can be considered as another reason that both the ignition
temperature and the highest combustion temperature lowered down with the ball milling
and the melting of Si was prevented, then the reaction conversation rate was enhanced.
However, overlong ball milling caused too low ignition and combustion temperature
that combustion process could not self-propagate, which can be attributed to Munir’s
empirical rule [22] for the CS reaction: The CS reaction can self-propagate only if the
adiabatic temperature (T,q) > 1800 K.

Fig. 5 shows the XRD patterns of CSed products under 0.7-2.5 MPa nitrogen
pressures from the raw materials milled to 5 h. The content of 3-SiAION increased with
the increase in nitrogen pressure. It is generally considered, high pressure is responsible

for promoting the N infiltration into the mixtures, then conferring a large reaction



interfacial area between raw mixtures and N,. On the contrary, the low nitrogen
pressure results in less reaction interfacial area between reactants and N,, which makes
it difficult to ignite the reactants. As we aforementioned, the reaction interfacial area
between reactants and N, can be enhanced due to the significant reduced grain size of
the raw mixtures by ball milling. Therefore, the CS process can propagate under lower
pressure assist with effective mechanical activation. In our study, the mechanical
activation showed helpful on self-propagation under the nitrogen pressure as low as
only 0.7 MPa, but no propagation occurred under 0.5 MPa, even though the mixtures
were milled for up to more than 10 h.

The relative B-SIAION contents are shown in Fig. 6. They were approximately
estimated from the B-SiAION / (B-SiAION + Si) ratio on the basis of the heights of the
(200) and (101) diffraction peaks of B-SiAION and the (111) and (220) diffraction peaks
of Si. The relative B-SiAION contents increased gradually with the increase in ball
milling time and also in the nitrogen pressure. Though the increase in nitrogen pressure
can decrease the un-reacted Si consequently increase the purity of the product, an
ultrahigh nitrogen pressure is not desirable from the viewpoint of either safety or
decreasing the facility cost. The CS process could not self-propagate under the pressure
lower than 0.7 MPa or from overlong milled raw mixtures.

Fig. 7 shows the SEM micrographs of CSed B-SiAION products synthesized under

1 MPa pressure from different duration ball-milled mixtures. Some different shapes of
B-SIAION crystals, such as rod-like morphology, tiny particles, and thin whiskers can
be seen. There are droplets on all the tops of the rod-like crystals, which indicate that
the growth of the rod-like crystals should be in a VLS (vapor-liquid-solid) mechanism

that has also been reported in reference [23]. With the increase of ball milling time, the



products agglomerated together and showed a shape like flower due to the cohered
particles by long ball milling shown in aforementioned Fig. 3.

The effect of N, pressure on the microstructure of CSed B-SiAION is shown in Fig.
8. When the pressure increased from 0.7 to 1.5 MPa, the rod-like crystals became
longer and thicker. For the product synthesized under 2.5 MPa, the rod-like crystals
did not show clearly growth comparing with those synthesized under 1.5 MPa, but

they showed more uniform in the length and thickness.



4. Conclusions

B-Sis;Al;0;,Ng.; (z = 1) powder was combustion synthesized under various nitrogen
pressures assisted with different durations of mechanical activation. The following
results were obtained:

1) The conversion rate of B-SiAION increased with increasing ball milling time.
But overlong ball milling caused too low combustion temperature that combustion
process could not self-propagate.

2) The mechanical activation showed responsible for the reduction of the minimum
nitrogen pressure required for the CS of B-SIAION, which the reaction self-propagated
under a low nitrogen pressure as only 0.7 MPa.

3) The rod-like crystals agglomerated together with increasing ball milling, and

became longer and thicker with increasing nitrogen pressure.

10



References

1.

2.

10.

11.

12.

13.

14.

15.

K. H. Jack, Review: Sialons and related nitrogen ceramics. Journal of Materials
Science, 1976. 11: p. 1135-1158.

T. Ekstrom, P. O. Kéll, M. Nygren, P. O. Olssen, Dense single-phase f-sialon
ceramics by glass-encapsulated hot isostatic pressing. Journal of Materials Science,
1989. 24: p. 1853-1861.

J. Ho Ryu, Y.-G. Park, H. Sik Won, S. Hyun Kim, H. Suzuki, C. Yoon,
Luminescence properties of Eu®*-doped [beta]-Sis.,Al,O,Ns., microcrystals
fabricated by gas pressured reaction. Journal of Crystal Growth, 2009. 311(3): p.
878-882.

R.-J. Xie, N. Hirosaki, H.-L. Li, Y. Q. Li, and M. Mitomo, Synthesis and
Photoluminescence Properties of beta-sialon:Eu** (Sig_.Al,O,Ng_,:Eu*). Journal
of The Electrochemical Society, 2007. 154(10): p. J314-J319.

W.-C. Leeg, S.-L. Chung, Combustion synthesis of SigN4 powder. Journal of
Materials Research, 1997. 12 (3): p. 805-811.

I. Saita, M. Sato, H. Uesugi, T. Akiyama, Hydriding combustion synthesis of TiFe.
Journal of Alloys and Compounds, 2007. 446-447: p. 195-199.

T. Hirano, H. Purwanto, T. Watanabe, T. Akiyama, Self-propagating
high-temperature synthesis of Sr-doped LaMnO3 perovskite as oxidation catalyst.
Journal of Alloys and Compounds, 2007. 441(1-2): p. 263-266.

K. Aoyagi, R. Sivakumar, X. Yi, T. Watanabe, T. Akiyama, effect of diluents on
high purity beta-SiAIONs by mechanically activated combustion synthesis. Journal
of the Ceramic Society of Japan, 2009. 117(6): p. 777-779.

X. Yi, K. Watanabe, and T. Akiyama, Fabrication of dense S-SiAION by a
combination of combustion synthesis (CS) and spark plasma sintering (SPS),
Intermetallics, (2009) Accepted Manuscript.

V. Gauthier, C. Josse, F. Bernard, E. Gaffet, J. P. Larpin, Synthesis of niobium
aluminides using mechanically activated self-propagating high-temperature
synthesis and mechanically activated annealing process. Materials Science and
Engineering A, 1999. A265: p. 117-128.

E. Medda, F. Delogu, G. Cao, Combination of mechanochemical activation and
self-propagating behaviour for the synthesis of Ti aluminides. Materials Science
and Engineering A, 2003. 361(1-2): p. 23-28.

C. Gras, D. Vrel, E. Gaffet, F. Bernard, Mechanical activation effect on the
self-sustaining combustion reaction in the Mo-Si system. Journal of Alloys and
Compounds, 2001. 314(1-2): p. 240-250.

F. Maglia, C. Milanese, U. Anselmi-Tamburinia, S. Doppiu, G. Cocco,
Combustion synthesis of mechanically activated powders in the Nb-Si system.
Journal of Materials Research, 2002. 17(8): p. 1992-1999.

M. A. Korchagin, T. F. Grigor'eva, B. B. Bokhonov, M. R. Sharafutdinov, A. P.
Barinova, N. Z. Lyakhov, Solid - State Combustion in Mechanically Activated SHS
Systems. I. Effect of Activation Time on Process Parameters and Combustion
Product Composition. Combustion, Explosion, and Shock Waves, 2003. 39(1): p.
43-50.

M. A. Korchagin, T. F. Grigor'eva, B. B. Bokhonov, M. R. Sharafutdinov, A. P.
Barinova, N. Z. Lyakhov, Solid - State Combustion in Mechanically Activated SHS
Systems. 1. Effect of Mechanical Activation Conditions on Process Parameters

11



16.

17.

18.

19.

20.

21.

22.

23.

and Combustion Product Composition. Combustion, Explosion, and Shock Waves,
2003. 39(1): p. 51-58.

X.-J. Liu, Z.-Y. Huang, X.-P. Pu, X.-W. Sun, L.-P. Huang, Influence of Planetary
High-Energy Ball Milling on Microstructure and Mechanical Properties of Silicon
Nitride Ceramics. Journal of the American Ceramic Society, 2005. 88(5): p.
1323-1326.

E. Levashov, V. Kurbatkina, A. Rogachev, N. Kochetov, Mechanoactivation of
SHS systems and processes. International Journal of Self-Propagating
High-Temperature Synthesis, 2007. 16(1): p. 46-50.

H.-B. Jin, Y. Yang, Y.-X. Chen, Z.-M. Lin, J.-T. Li,
Mechanochemical-Activation-Assisted Combustion Synthesis of alpha-SizNs,.
Journal of the American Ceramic Society, 2006. 89(3): p. 1099-1102.

R. Sivakumar, K. Aoyagi, T. Akiyama, Effect of mechanically activated raw
materials on beta-sialon formation by combustion synthesis. Journal of Materials
Research, 2007. 22(10): p. 2863-2867.

K. Aoyagi, T. Hiraki, R. Sivakumar, T. Watanabe, T. Akiyama, A new route to
synthesize [beta]-Sis.,Al,O,Ns., powders. Journal of Alloys and Compounds, 2007.
441(1-2): p. 236-240.

K. Aoyagi, T. Hiraki, R. Sivakumar, T. Watanabe, T. Akiyama, Mechanically
Activated Combustion Synthesis of beta-Sis,Al,O;Ns.; (z=1-4). Journal of the
American Ceramic Society, 2007. 90(2): p. 626-628.

Z.A. Munir, J.B. Holt, The combustion synthesis of refractory nitrides. Journal of
Materials Science, 1987. 22(2): p. 710-714.

Y. Wu, H. Zhuang, F. Wu, Mechanism of the formation of #-Sialon by
self-propagating high-temperature synthesis. Journal of Materials Research, 1998.
13(1): p. 166-172.

12



Figure captions

Figure 1. XRD patterns of raw materials with and without mechanical activation.
Figure 2. Amorphization degree and crystallite size of Si in raw mixtures with different
duration of mechanical activation.

Figure 3. SEM micrographs of raw mixtures (a) Before mechanical activation (b)
Mechanically activated to 10 h.

Figure 4. XRD patterns of CSed powders synthesized under 1MPa nitrogen pressure
from raw mixtures milled to different duration time.

Figure 5. XRD patterns of CSed powders synthesized under various nitrogen pressures
from raw mixtures milled to 5 h.

Figure 6. B-SIAION contents of CSed products synthesized under various pressures
with various duration of mechanical activation.

Figure 7. SEM micrographs of CSed powders synthesized at 1 MPa pressure from
different duration ball-milled mixtures.

Figure 8. SEM micrographs of CSed powders synthesized under various pressures from

5 h ball-milled mixtures.
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Figure 1. XRD patterns of raw materials with and without mechanical activation.
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Figure 2. Amorphization degree and crystallite size of Si in raw mixtures with different

duration of mechanical activation.
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Figure 3. SEM micrographs of raw mixtures (a) Before mechanical activation (b)
Mechanically activated to 10 h.
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Figure 7. SEM micrographs of CSed powders synthesized at 1 MPa pressure from

different duration ball-milled mixtures.
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Figure 8. SEM micrographs of CSed powders synthesized under various pressures from

5 h ball-milled mixtures.
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