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Abstract

In this paper, Yhx-SiAION crystalline powders with elongated grains were prepared by combustion synthesis. The effects of diluents and
NH,F additive on the phase composition and microstructure of combustion products were discussed in detail. It is found that proper diluents
are helpful to weaken the agglomeration, improve the infiltration ofadd hence facilitate the nitridation reaction. Single-phaSAION
with elongated grains could be fabricated with advisable addition of diluents. Furthermore, adding proper amouxfsaafditite was also
beneficial to the nitridation of Si and the development of elongated grains. However, excessive addiiigNfdiluents or NHF additive
will result in B-SIAION in final phase composition.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction that enable in situ toughening have been develdp&tSince
«-SIAION is much harder tha-SiAION, the novel tougla-

As the solid solutions of silicon nitrides, SIAION ceram-  SjAION ceramics have a higher potential for industrial appli-
ics are widely used in engineering field because of their cations, especially where wear resistance is much concerned.
outstanding properties. There are two well-known SIAION  |n view of complexity of microstructure control, seeding
polymorphs called and@ with similar crystal structuresto  seems to offer an attractive solution because it can effect tem-
those okx- andB-SizNa, respectively. Itis generally accepted  plate growth of elongated grains. Several reports on seeding
that a-SIAION grains mainly exist as equiaxed morphol- in B-SizN4-based ceramics clearly demonstrated the great po-
ogy andB-SIAION grains usually exist as elongated grains. tential of this method in silicon nitride ceramits:16More
This difference in microstructure results in different fracture recently, seeding method was also applied-i8iAION ce-

toughness values. The poor toughness has ever been a trotamics and a dramatic effect of crystalline seeds on the en-

blesome barrier limiting the further application«{SiAION hancement of resistance behaviour and fracture toughness
ceramicst—’ was observed’-20

Compared withB-SizN4-based ceramics, the microstruc-  Preparation of single-phase crystalline seeds is the pre-
ture of a-SIAION is more sensitive to the composition, the  requisite for the fabrication of in situ tougheneeSiAION
processing conditions, and the starting powdefs a re-  ceramics by seeding method. Chen and cowotkéfsand

sult, only recentlyx-SIiAION ceramics with elongated grains  zenotchkine et a#2 separately reported the synthesis of rod-
like a-SiAION crystals using the combustion synthesis, or by

* Corresponding author. Tel.: +86 10 6277 2548; fax: +86 10 6277 1160, the growing of single crystal seeds from liquid. Combustion
E-mail addresskxchen@mail.tsinghua.edu.cn (K. Chen). synthesis technigue has been attracting the interest of many
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researchers as an energy and time-saving process. Seedir__ 2000 230 1520 250 ~
with combustion-synthesized-SiAION crystals will pro- 2 2
vide a convenient and low-cost method to fabricate the in § 160 F20 £
situ toughened:--SIAION ceramics with elongated grains.  § "T’dt\ =

In this paper, single-phase YBSIAION crystalline pow- § 1200 1%
ders were prepared using combustion synthesis. The effect!™
of diluents and additives on the phase composition and mi- Temperature r'®
crostructure of the synthesized powders are discussed inde 801
tail. r

400 - Lo
2. Experimental procedure 01+ — — . W 50
10 20 30 40 50
Time (s)

The compositions investigated here lie in the single-
phase plaré of Yb «-SIiAION represented by the for-  Fig. 1. Typical temperaturetime history during combustion synthesis of Yb
mula Yhw3Siio— (mtn)AlmnOnN1e—n, in which m=n=1.2 a-SiAION.
was selected. Starting powder mixtures were prepared by us-
ing Yb2O3 (99.9%, General Research Institute for Nonfer- The phase composition was determined by X-ray diffrac-
rous Metals, China), Si (99.0%, Fushun Al Factory, China), tion (XRD; Cu Ka, Rigaku, Japan) and the microstructure
Al (99.5%, Gaizhou Al Co., Chinak-SisN4 (2.0wt.% O, was observed by scanning electron microscopy (SEM; JSM-
Fangda High-Technology Ceramics Co., Ching)SisNg 6460LV, JEOL, Japan) equipped with energy dispersive spec-
(2.0wt.% O, self-fabricated by SHS), AIN (1.0wt.% O, troscopy detector (EDS; INCA, Oxford Instrument).
self-fabricated by SHS), SKXA.R., Beijing Chemical Co.,
China), NHF (A.R., Beijing Chemical Co., China), Y&-
SIAION (self-fabricated by SHS) according to the propor- 3. Results and discussion
tions listed inTable 1 The surface oxygen contents of the
nitrides were considered. 3.1. Effects of diluents
Each mixture of raw materials was planetary milled in
absolute ethanol (Beijing Chemical Co., China) for24 husing  High reaction temperature and fast heating or cooling
agate containers and agate balls. The obtained slurry was themates are the main characteristics of combustion synthesis.
dried in an oven at 70C for 8 h. Subsequently, the powder Fig. 1shows the temperature variation curve for the sample
mixture was put in a porous crucible and then placed into the SA3, which represents the typical temperature—time history
CS chamber, which was reported elsewtére. in combustion synthesis of Yd-SiAION. It can be seen that
Evacuation was performed up to a vacuum of 4MPa. once the combustion reaction starts, the temperature increases
Then the powder mixture was ignited with a tungsten coil very dramatically to the maximum of 182C in about 15,
under 2MPa N pressure and the combustion temperature and the highest heating rate reaches Z3fnin. Owing to
was recorded with a W—Re3/W-Re25 thermocouple insertedthis high reaction temperature and fast heating rate, the Al
into the sample, which was connected to a data acquisitionand Si particles in raw materials will melt and agglomerate

system. in a short time, inhibiting the infiltration of Nand further
Table 1
Starting compositions of the samples
Sample codes Compositions (wt.%)
Yb,03 Si «-SizNg B-SizNg Al AIN SiO, «-SIAION NH4F
SAl 16.48 42.16 23.92 11.29 3 2.63
SA2 16.20 38.68 28.22 11.10 45 2.34
SA3 15.80 33.68 34.28 10.83 Rets 2.04
SA4 15.19 25.53 44,12 10.41 23 1.50
SB1 15.80 33.68 34.28 10.83 3 2.04
SC1 15.98 34.07 34.68 13.20 2.06
SC2 14.96 31.88 32.46 ® 1.93
SFO 14.59 46.71 12.01 6.67 20 0
SF1 14.14 45.25 11.63 6.46 20 .52
SF2 13.69 43.79 11.26 6.25 20 5

SF3 12.78 40.87 10.50 5.83 20 10
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nitridation reaction. In order to eliminate this agglomeration, Atfirst, although when too much AIN is added the absence
a-SigNg or B-Si3Ng and AIN with relatively high melting of Al results in the failure of ignition as described above,
points were added as diluents into raw materials. The experi-proper quantity of AIN is necessary for preparing the single-
ments showed that the characteristics and the added amountshasex-SiAION. The starting compositions of SA3 and SC1
of diluents affected the phase composition and microstructurewere similar, except that no AIN was used in the latter. Conse-

of the combustion products considerably. quently, the combustion product of SA3 was pur8iAION

In the combustion reaction, Al will react withJNfirstly butp-SIAION and residual Si were both found in the product
because of its lower melting point and energy barrier for nitri- of SC1.
dation compared with those of & The heat released during Secondly, the structural characteristics ofNgj diluents

the nitridation of Al provides adequate energy for the subse- have an obvious effect on the final phase composition of com-
quent reaction. This analysis explains why the sample SC2bustion products. The sample SA3 and SB1 have the same
was not successfully ignited, unlike the other samples. Be- chemical composition, except for the difference in crystalline
cause in the starting composition of SC2 no Al powder was morphology of SiNg diluents:a-SisN4 in SA3 andB-SisN4
added and AIN was used as the only Al source, resulting in in SB1, respectively. Froffig. 2 it can be found thgt-SizN4

the lack of energy at initial stage, the combustion reaction in SB1 lead to theg3-SiAION in final phase composition.
could not be maintained. This is because, that the additiveSj, particles act not only

Fig. 2shows the XRD results of the combustion products, as diluents eliminating the agglomeration but also as crys-
from which the detailed effects of diluents on the final phase talline seeds providing nucleation sites. Due to the similarity
composition can be discussed. in crystal structure, the energy barrier for the nucleatigs+of
SIAION onB-SigN4 particles is lower than that of SIAION.

In this way, theB-SizN4 diluents facilitate the nucleation of
B-SIAION and improve its formation. This result is rather
m 0o-SiAION dissimilar compared to the hot-pressingoeSiAION using
B-SizN4 as araw materidl® In this later case, the sintering re-
action is thermodynamically determined and the reactant sys-
A si tem is kept in an equilibrium state approximately. Therefore,
there is adequate time for the dissolution, mass transportation,
and reprecipitation processed to occur, and hence the inter-
mediate phases can fully transform into the final stable phase
sc1 («-SIAION). However, in combustion synthesis the reaction
)\ process is kinetically determined and the reaction systemisin
non-equilibrium conditions because of the dramatic tempera-
ture variation rate and considerably short reaction time. With
SB1 B-SisN4 used as reactant, mughSIiAION will be formed
by coherent nucleation because of lower interfacial energy
o and strain energy. But in latter reaction period, the as-formed
B-SIAION can not be fully consumed lacking enough time
OsA4 and remains in final products:—2’

Finally, the content of diluents in the starting composition
is also very important in determining the final phase composi-
tion. Single-phase-SiAION could be prepared with appro-
priatea-SizN4 diluents in SA2 and SA3, while too much or
A \ little diluents lead to the remnaftSiAION or Si. As diluent,

the added-SisN4 powder can weaken the agglomeration of

Al and Si melt and enhance the infiltration of Ndeneficial to
SA2 further nitridation reaction. If the added amount of diluent is
AN too small to restrain the agglomeration, the further nitridation

of Siwill be limited by the absence offind some un-reacted
Si remains. Excessive amount of diluent is also disadvanta-

O B-SiAION

SA1 A geous to obtain the single-phase product. A large amount of
diluents will decrease the reaction temperature remarkably by

1 M 1 M L] N 1 M 1 T 1 . . .
20 o5 30 35 40 45 absorbing more heat energy, which is harmful to the forma-

tion of a-SiAION. At the same time, too much diluent results
in the overabundance ofSizNy4 at early reaction stages. If

Fig. 2. XRD results of the combustion products with different kinds and the a'S|3Nf1 mate.rlal can nOt. be consumed timely, it W_'”
contents of diluents. transform intoB-SizN4 at mediate temperatures accounting

26 ()
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Fig. 3. Effects of the content of-SizN4 diluent on the combustion temper-
ature and heating rate.

for the formation of3-SiAION. Therefore, the complete ni-
tridation of Si can only be achieved and the single-phase
SIAION can only be successfully fabricated in the presence
of the right added amount of-SisN4 as diluent.

The diluents affect not only the phase composition but
also the microstructure of the combustion products. Gen-
erally speaking, the final grain morphology in combustion
products is determined by the nucleation and grain growth.
According to related studi€s?S the development of elon-
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gatedx-SiAION grains can be favoured if (a) very few nuclei
are available, and (b) the kinetics of crystal growth is fast.
combustion synthesis ofSIAION, fast heating rate is help-
ful to limit the nucleation and high temperature is beneficial
to grain growth.Fig. 3 shows the combustion temperatures
and heating rates of the samples with different contents of
diluenta-SigNg4. In the sample SA2 with proper content of
diluent, the combustion temperature reached T@8(see
Fig. 3 and the heating rate was relatively fast, and accord-
ingly, elongated grains were obtained, as showRim 4a.
From the XRD and EDS results, it can be concluded that these
elongated grains are Yd-SiAION. On the contrary, in the
sample SA4, overabundaatSizN4 diluent debased the re-
action temperature (172C) and decreased the heating rate
(167°C/min), which is not favourable for the development
of elongated grains. Additionally, plentifalSizN4 particles
provide more nucleation sites and thereby in the later pro-
cess the space for grain growth is deficient. A substantive
amount of grains can only grow into equiaxed morphology
because they will impinge each other before developing into
elongated shape, as showrFig. 4b.

3.2. Effect of NHF additive

In the fabrication of-Si3N4 powders by combustion syn-
thesis, ammonium halides are often added in order to control

Yp
Al
Yb u \ J\ b Vi
T R i Ajalaiiastionaacie iy
0 1 2 3 4 5 6 7
(b) Full Scale 741 cts Cursor: 3148 keV (13 cts) keV

Fig. 4. Effect of the content af-SizN4 diluent on the microstructure of final products (the EDS result is for an elongated grain in SA2).
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Fig. 5. TG and DTA curves of NkF.

the reaction proces$. For example, NiF was proved to
have a catalytic effect on the nitridation of Si as follows:

NH4F(s) = NH3(g) + HF(g) (1)
NH3(g) = (1/2)N2(g) + (3/2)H2(9) 2
HF(9) = (1/2)H2(9) + (1/2)F2(9) 3
Si(s ) + HF(g) — SiF(9) + H2(g) (4)
SiF(9) + N2(g) + NH3(g)/H2(9) — SizNa(s) + HF(g)

®)
Si(9) + N2(g) + NH3(g) — [Six(NH)yln(s) (6)
[Six(NH)y]n(s) — «-SizNa(s) + NH3(g) (7

3365

100 4
< . . —=—q-SiAION
[=) .
; —e—B-SiAION
= 80 ; .
= —a—Residual Si .
k=
55
8 60 |
O
[ 3
40
"
20 |
0l T2 A .
T T T T T T T T T
0.0 25 5.0 7.5 10.0

NH,F (wt.%)
Fig. 6. Effectof NHF addition onthe phase content of combustion products.

Fig. 5shows the TG and DTA curve of Nff. It can be
seen that above 25C NH4F has been fully decomposed ap-
proximately. During the decomposition of NA N> will be
released as a reaction product, improvingsNpply and the
nitridation reaction. In addition, as an intermediate product
SiF (g) provides another way for the nitridation of Si, and
thus the formation of N4 is accelerated. The phase con-
tent of combustion products from SFO to SF4 is shown in
Fig. 6, from which it can be seen that residual Si is basically
eliminated by adding NgF. It is also visible that when the
added amount of NkF is low (<2.5wt.%), the final prod-
uct is mainlya-SiAION, but a rather increase @FSiAION
phase in the combusted product occurs with further addition
of NH4F. This can be explained as follows: with excessive

In this study NHF was also used as an additive to enhance added amounts of NAF too muchx-SizNg4 will be produced,
the nitridation reaction. At the same time, the as-synthesizedwhich can not be consumed timely in the formationeoef
single-phase Yk-SiAION was added as crystalline seedsto SiAION, and the overabundantSizN4 will transform into

simplify the nucleation control.

B-SisN, or B-SIAION.

Fig. 7. Effect of NHF addition on the microstructure of combustion products.
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Moreover, appropriate NiF addition can improve the
grain growth ofa-SiAION. The additive NHF promotes the
nitridation of Si and increases the reaction rate, so the heat- -
releasing rate and the formation ratew8izNg4 is increased.
That is to say, in equal time unit a larger amount of heat
energy is released and mateSizNy is produced with addi-
tive NH4F. Consequently, the dissolution®fSisN4 particles 8.
can be enhanced, leading to a high instantaneous supersatura-
tion degree. In this way, the difference in chemical potential
between the liquid phase and the added crystalline seeds is

5.

enhanced and thereby a rather high driving force will be cre- 10.

ated. This high driving force accelerates the mass transporta-
tion and reprecipitation on surface of the crystalline grains,
promoting a rapid anisotropic grain growth. At the end, well-
developed elongated grains can be obtained successfully.

Fig. 7exhibits the SEM images of the sample SF0 and SF1 12.

without and with 2.5wt.% NRF additive, respectively. It is
clear that more elongated grains with higher aspect ratio and
more perfect morphology were acquired, confirming the ad- ;3
vantageous effect of NHF on the development of elongated
grains Yba-SIiAION in combustion synthesis.

14.

. Conclusions

15.

. Single-phase Yh-SiAION crystalline powders could be
fabricated by combustion synthesis, and under proper con-; ¢
ditions, then-SIAION grains can be developed into elon-
gated morphology.

the agglomeration and improve the nitridation of Si. The
phase composition and microstructure of final products

were considerably affected by the chemical and structural 18,

characteristics and contents of diluents.

. The NH,F used as additive accelerated Si nitridation and
formation ofa-SisN4, and thus improved the growth of
elongated grains. However, too much NHis harmful
and leads to a rather increase of amour-&iAION in
the combusted products.

21.
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