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During the liquid-phase sintering of silicon nitride-based ceramics, the dissolution

of the SizN, is inferred from the tendency of the a-SisN,4 to transform to 8-SizNg. In order
for this to correlate with densification it is necessary for the dissolved material to diffuse
and precipitate, allowing contraction. In the present work the influence of the amount,
quantity and type of additives on the &« — B transformation has been analysed. Two
systems have been studied: SizN4—SiO, and SizN4-Y,03-SiO,. All samples were
densified through hot isostatic pressing (HIP) of encapsulated compacts. In the
SizN4-SiO, system the dissolution of a-phase follows a zero-order kinetics and the
amount of intergranular phase increases uniformly as a function of time, in this way
eliminating dissolution as the rate-controlling mechanism in the transformation kinetic.
In the SizN4s-Y»03-SiO, system, the kinetics of dissolution are first-order and the
amount of intergranular phase remains constant with time. This is a sufficient

and necessary condition to establish that transformation in this system is a

process whose kinetics are controlled by the dissolution of «-SizN, in the liquid phase.
© 1999 Kluwer Academic Publishers

1. Introduction 2. Experimental procedure

The densification of N4 ceramics to densities close The characteristics of the 4§, powders used in the
to the theoretical value has traditionally been carriecoresent work are shown in Table I.

out by liquid-phase sintering, both with and withoutthe The additives used were yttria-09.9% pure) and
application of external pressure [1, 2]. Taking into ac-precipitated silica of between 5 and 30 wt %. Theoreti-
count the amount of Sigxontained in the initial gN4, ~ cal density (TD) was calculated by the rule of mixtures
powder, sintering takes place insBi;—SiO,—metallic  using the initial compositions. The desired mixtures
oxide systems because of the liquid formed by reactionwere prepared by dry milling for 48 h, using a ball mill
between Si@ and the oxide additions [3]. The com- consisting of a polyethylene container and silicon ni-
positional complexity of this liquid phase, combined tride milling media.

with the associated — g transformation in the 3N, Green compacts were produced by cold isostatic
makes it difficult to identify unambiguously the basic pressing, applying a compaction pressure of 200 MPa,
material transport mechanisms involved and their relawhich resulted in compacts having densities of around
tive importance during the process [4—6]. 60% TD.

In an attempt to simplify this problem, the present Before sintering, the compacts were coated using a
work was carried out using Sias the sole addition, borosilicate glass encapsulation method [7] and hotiso-
to study both the sintering and the transformation phestaticaly pressed within the temperature range 1700—
nomena in silicon nitride. Additional samples, contain-1900°C at an argon pressure of 150 MPa with several
ing extra additions of ¥Og3, were also prepared to study holding periods, using an ASEA-HIP press (QIH-6).
the influence of this additive on the transformation ki- Density was measured by the Archimedes’ princi-
netics. This work has been complemented by X-rayple. The characterization of the crystalline phases and
diffraction (XRD) analysis, obtaining measurementsa — 8 transformation was carried out by X-ray dif-
with and without the use of an internal standard, and byfractometry. Two quantitative methods have been
microstructural observations using TEM. used to determine the major crystalline phases: direct
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TABLE | Composition (wt%)e/(« + B) ratio and specific surface area of thgi$j powders

Powder BET (Mg1) af(a+B) C e} Fe Al Ca

H.Starck LC 12S 214 95.5 0.15 1.98 0.012 0.032 0.004
UBE SN-10 14 95 0.2 1.9 0.01 <0.005 <0.005

comparison using diffraction lines between 1énd 100
40> and the internal standard method using a constar
amount of NiAL [8]. In this method, a calibration curve -
was first obtained using the originakSi powders, and & A
alsoa /B mixtures containing different amounts of pure g o]
B-SizN4 plus 10% NiAl. The amount of vitreous phase » &0 o
was determined after measuring the absolute concerﬁ ®
trations of all crystalline phases present by subtraction S 0
For microstructural analysis in the transmission elec-£ A
tron microscope (TEM), discs were obtained from bulk £
specimens using a diamond cutting wheel to obtain secg 20 ﬁ
tions ~0.5 mm thick, followed by a coring operation, ﬂ i A i
using a 3 mminternal diameter diamond coring tool. — ) .
The discs were mechanically ground to a thickness o 1700 1750 1800 1850 1300
about 0.1 mm, dimpled te-50 um and ion milled to Temperature (°C)
electron transparency. A thin film of carbon was evap-
orated on the foils to avoid charging during exposure’cig_‘”et2 Weig*;t frafC“Oh” f()jf- th‘i_CFVSta]['L”; p,*;‘?ﬁ)s az _f“,\fl‘C“(OA” if) sin-
to the electron beam. Analysis was carried out Using & o o oo 10 TOCng Aimes of 57 T @) o2t (£,
Philips CM-12 scanning transmission electron micro-Sif,\l,iE’o;;:gig’_ W) SeNZO- (0. 4,0 SElla-10% SIQ. (6. 4. W)
scope with a LaBfilament.

As can be appreciated from Fig. 2, the densifica-
3. Results and discussion tion of different SgN4 + SiO, compositions, after HIP-

Densification curves for §N4 mixed with increasing ing for 1h, is not accompanied by — g transfor-
amounts of silica show different zones of the typicalmation up to a temperature of 180C. Thus, such
densification curves for a liquid-phase sintering pro-denSitieS are thought to be reached without the inter-
cess, depending on the additive content, and the temy¥ention of dissolution—diffusion—precipitation mecha-
perature range studied (Fig 1). nisms, because otherwise (assuming dissalwv&iN,4

The shape of these curves is analogous to that reporéloes not reprecipitate as-SigN4) B-SisN4 and/or
ed in earlier works for “pure” SN, and SiNs+  Si2N20 would have been detected.
Y,03[9], although in the present case the range of tem- If the amount ofe-SisN4 measured at temperatures
peratures for achieving full densification is narrower,below 1800°C is observed to decrease for samples
possibly due to the larger amounts of liquid involved in With increasing quantities of SiQit seems clear that

sintering. a-SizN4 has dissolved in the silica without precipitat-
ing, giving a corresponding increase in the amount of
available liquid during sintering. Mechanisms such as
00 rearrangement, which gives rise to liquid redistribu-
n— N !7‘ tion to fill the porosity, are particularly important for
large quantities of liquid phase and the lower end of the

| A o temperature range. Over 180Q, an additional con-
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/ /D tribution appears due to the diffusion—precipitation
O /
/
@)

o
(=]

process and the consequent change in shape of the
grains.
E In samples containing 5% S@he mechanisms in-
o) volved in the transformation, especially diffusion and
- precipitation, have a great influence on the densifi-
cation. As a consequence of this, considerable in-
creases in density are only obtained at temperatures for
which a significant level of transformation is reached.
70 s s s The curves for densification and transformation of
1700 1750 1800 1850 1800 Sj3N4—5% SiQ samples can be observed in Fig. 3.
Temperature (°C) For silica contents of 10% and 15%, the densifi-
Figure 1 Dependence of the final density on temperature fopSiGped Catlo_n_ cqntrlbutlon f,rom, the dissolution—diffusion—
silicon nitride. () 5% Siy, () 10% SiQ, (a) 15% SiG and @) 20%  Precipitation mechanism is necessary to reach full den-
SiOy. sity but, in contrast to the 5% Sy&omposition, there

Density (% T.D)
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Figure 3 Influence of sintering temperature on ttie) (transformation Time (min)

and (a) densification of $N4—5% SiG.
Figure 5 Linear relationship betweenSi3N4 and time, in samples of
SisN4—10% SiQ at (0) 1700°C, () 1750°C and () 1800°C, and
is dissolution ofx-SizNg4 in the liquid phase even at the SisN4-20% SiQ at @) 1700°C, (M) 1750°C and @) 1800°C.
lowest temperatures used.
In compositions with higher contents of SiQre-
arrangement and porosity in-fill by the liquid are remain in the intergranular phase) increases with time,
enough to reach densities close to the theoretical valuayith a constant dissolution rate; this can be expressed
therefore complete densification occurs at temperaturei§irough the following equation
in which transformation has not yet begun.
In the two extreme compositions analysed, it can be Oo Kk (1a)
observed that for 5% Sifull densification is reached dt
only at 1900°C with practically complete transfor-
mation (Fig. 3), while for 30% Sig full density is  which on integration gives
obtained at 1700C, a temperature at which trans-
formation has still not begun. It is evident, therefore, o = o — kt (1b)
that by varying the silica content, dense samples can

be obtained with different degrees of transformation. The |inear relationship between phase concentration
For compositions containing 10% and 20% ifhe  and time can be seen in Fig. 5 for different sintering
weight fractions ofa-SisN4 and f-SisNs measured  temperatures. This dependency indicates that the dis-

showed that the quantity of vitreous phase for a giversg|ytion ofa-phase, in the $N4-SiO, system, follows
temperature was not constant with time, indicating thaly zero-order reaction.

not all thea-SisN, dissolved in the liquid phase re-  The quantity of intergranular phase is a function of
precipitates immediately g SisN4 or SeN2O. Fig. 4 time (Fig. 4) and this indicates that it is not the disso-
shows the increase in the amount of vitreous phase witfytion of thea-SizN4 but the diffusion or precipitation
time for the SiN, 4+ 10% SiG sample. N process which controls the transformation kinetic in
At 1700, 1750 and 1800C, for both compositions,  this system. Below 1850C the 8-SizN4 precipitation
the quantity ofa-SisN4 dissolved in the liquid phase rate or the SiN,O formation rate are less than the dis-
(either to be transformed int@-SisNs, SkN2O or  gojytion rate of ther-phase, and therefore the quantity
of intergranular phase increases with time until all the
0 a-SizN4 has disappeared, or until the precipitation or
é} formation rates overcome the phase dissolution rate.
o=—— Between 1800 and 185CC, thermally activated pro-
A- cesses, such g5SizNg4 precipitation or SiN,O for-
A/ mation, surpass their activation energy and although
=8 the dissolution of:-SizN4 in the liquid phase will also
o be favoured, thes-phase precipitation and/or oxyni-
o) tride formation rates exceed the dissolution rate with a
: consequent decrease of the quantity of vitreous phase.
0 \ If C is designated as the quantity of intergranular
A phase measured as vitreous phase at room tempera-
ture, this can be expressed@s= f(t), and increased
markedly fora > 0. In the first stage, a pronounced
0 ' . ' increase inC is produced, and subsequently, due to
0 30 80 a0 120 . . . . . -
Time (i) the increasing nitrogen supersaturation in the liquid at
thea-SizNy/liquid interface, nucleation of thg-phase
Figure 4 Evolution of the amount of vitreous phase with holding time is promoted, and therefof@ will increase moderately
for SigNg 4 10% SiQ. (©) 1700°C, () 1750°C and () 1800°C. being approximately asymptotic to a limiting value as
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Figure 6 Variation of (o) 8-SizN4 and @) SizN>O with the silica con-
tent, after HIPing at 1900C, 150 MPa during 60 min.

«a approaches zero. It is clear that@as> 0, C must
decrease, but in a non-linear fashion because, as t
quantity of8-SizN4 increases, the points of nucleation
are less frequent and compositional gradients in the
liquid are reduced. Analysing the results as a function
of the quantity of SiQ added, it is apparent that for |
a given time, as expected from the phase diagram, th¢
closer the composition (mol %) to the stoichiometric | -
ratio (SgN4/SiO, = 1), the more SiN,O is observed.
In contrast, if the composition of the powder mix is
closer to the SiNg-rich region, the precipitation of
B-SizNy is favoured (Fig. 6).
The evolution of the different crystalline phases can
also be followed through microstructural development,
and is most clearly marked in the samples correspond
ing to the extreme compositions. Fig. 7 shows the
changes in the microstructure with temperature for
specimens of $N4,—30% SiQ. At 1750°C (Fig. 7a) e d
SibN,O is not observed, but a large number of equiaxed
a-SizNg4 grains (35 vol%) and some elongaiedbizN,
grains (5 vol %) are seen to be embedded in a hig
volume fraction of intergranular phase (54 vol %).
At 1850 °C (Fig. 7b) the volume fraction of inter- §
granular phase is less than before (20 vol %), but th
number of elongated grains (with a somewhat lower ..
aspect ratio) has increased (70 vol %). From the elec; &
tron diffraction patterns obtained it was deduced that;
some of these elongated grains (generally those sho
ing twins aligned along the long axis of the grains)
correspond to $N,0.
Finally, at 1900 C only SbN,O grains are observed,
the intergranular phase is presentin only minor amounts %=
along grain boundaries and at triple points, and thes.
SibN>O grains are much more equiaxed, showing a*"
wide distribution of sizes (Fig. 7c).
The composition with the lowest content of $iO
(5%) is only fully dense at 190T. At this temperature,
a complete transformation ®-SisN,4 has taken place.
The grains are equiaxed, presenting a large number ¢
contacts between grains and good shape accommod..
tion (F_Ig_' 8)' . Figure 7 Microstructural evolution as a function of sintering tempera-
Additions of Y,03 produce an important accelerat- wyre for SN, + 30% SiQ samples: (a) 1756C, (b) 1850°C and (c)
ing effect on, both, transformation and densification.1900°c.
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Figure 9 (O, ®) a-SisN4 and (A, A) 8-SizN4 concentration as a func-
tion of holding time for samples ofY, A) Si3zN4—3% Y>03-2% SiQ
and @, A) SizNs4—6% Y203—4% SiQ.

Figure 8 Transmission electron micrograph of a specimen giigcon-
taining 5% SiQ after HIPing at 1900C, 150 MPa for 60 min.

which on integration gives
Ino = In ag — kt (2b)
In this case, ¥O3 addition creates less viscous liquid
phases with a lower melting point, which allows faster  gych a relationship establishes, for the two composi-
transport of material by diffusion and consequentlytions studied, that the dissolution of thephase follows
higher densities. Additionally, 205 additions change 3 first-order reaction. The dissolution rate depends not
the composition of the liquid at the sintering tempera-only on the concentration of the-phase, but also on
ture in the SiN4—Si0,—Y203 system. Precipitation of - the composition and amount of vitreous phase as given
the silicon oxynitride ceases apdSizN, is favoured. by k. The quantity and viscosity of the liquid phase
The dissolution—diffusion-precipitation mechanismsyyj|| determine the extent to which compositional gra-
combined with rearrangement and liquid redistributiongjents and the nitrogen supersaturation indtk®izN,/
with porosity filling, assisted by the smaller viscosity |iquid interface are maintained. The composition of the
of the liquid phase, allow high densities values to beresulting liquid phase is very important f@+SisN, dis-
reached at relatively low temperatures. solution, in this case, as the two discussed compositions
In contrast to the §N4—SiO, system, Table Il shows  f5]| in the same compatibility triangle, the liquid phases
that in the SiN4—Y;03-Si0O, system, the amorphous formed will have the same composition. Therefore, the
phase concentration remains constant with time, thuﬁarger amount of liquid present during sintering in the
indicating that the:-SizN4 that is dissolved inthe liquid  gog Y,03—4% SiQ composition will cause the trans-
phase reprecipitates #sSisNs. ~ formation to take place earlier and quicker. It seems
The measurements summarised in Table Il indicateasonable to expect that the more liquid that is present,
that the dissolution rate af-SisN4 decreases as the the Jonger it will take to reach the degree of supersat-
amount off-SisN, increases (Fig. 9). uration necessary for the precipitation®SisN,, but
The dissolution rate of the-phase will be at each 3t the studied temperature this is not reached, because
moment proportional to its concentration, and this carfgr t —5 min the quantity ofx-SizN, that has trans-
be expressed as formed intog-SisN, is significant. In these conditions,
i. e. once the dissolution—diffusion—precipitation pro-
cess has reached its steady state, the increased quantity
d_“ — —ka (2a) of liquid will lead to an increased fraction @-SizN4
dt precipitating. It is worth recalling that in this system

TABLE Il «-SigNg, B-SisN4 and intergranular phase concentration as a function of the holding time

Time SizNg—3 wt % Y>03-2 wt % SiG SigN4—6 wt % Y>03—4 wt % SiQ

(min) o B Vitreous phase o B Vitreous phase
5 84.4 5.1 10.5 443 39.7 16.0

15 65.0 24.7 10.3 21.2 63.4 15.4

30 43.2 45.3 115 7.6 76.8 15.6

45 29.7 60.3 10.2 17 83.3 15.0

60 19.7 69.8 105 0 84.0 16.0
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the |iquid-phase concentration remains constant durin'g’ABLE 111 Exponent and constant of the Avrami equation obtained
the transformation process. The constancy of the inter? fitting of experimental points

granular phase concentration for all the holding times;,mposition b n
atthe sintering temperature is a sufficient and necessary

condition for the transformation in this system to be aSisNs+-3Y203-2Si0, 8x 102 , 1.3
process whose kinetics are controlled by the dissoluSiN4—6Y20s-4SiC; 224x 10 0.6

tion of thea-Si3Ny in the liquid phase. If the dissolved

a-SizN4 had not diffused and precipitated 8sSi3Ny,

there would be some time intervals in which an increase

in the intergranular phase would be observed.
The constancy of leads to

If the values ofn obtained experimentally are com-
pared with those reported [11], it is clear that in the 3%
Y .03 sample particles have a considerable initial vol-
dg dor ume. This fact would be in agreement with the hypoth-
il (3) esis supported by Petzow and Hoffman [12]. These re-
searchers assert that nucleation, either homogeneously
and because + 8 = 1 — C then using Equation 2b ©F heterogeneously, does not influence microstructural

this gives development and that only pre-existghSisN, parti-
cles seem to grow. In contrast to their statement, it can
dB } be argued that the same microstructure is achieved if
a = K&
=k(1-C-p) (4)

B(t) = Bi + ao(l — &™) (5)

Equation 5 indicates tha-SisN4 formation is deter- ;
mined by nucleation and growth, the kinetics of which %
can be represented by Avrami's equation. The trans-“

formation can also be described by the Johnson—Meh
equation for nucleation and growth processes [10] A

.

B(t) = 1— exp(=bt") (6)

wherebis a constant that depends on the nucleationand
growth rates and is therefore very sensitive to tempera—""
ture anch is the Avrami exponent which, if no changes .
in nucleation mechanism occur, is independent of tem-
perature. :

Equation 6 implies a linear relationship between
In[—In(1 — B)] and Int; the curves obtained for the
experimental data can be seen in Fig. 10.

The values ob andn obtained by fitting the experi-
mental data are presented in Table IlI.

In(-In(1-p)
A\
]

[N}
T

3 N ) ) I |
5 15 30 45 60

Time (min)

Figure 11 Scanning electron micrographs of3Ni—6% Y,03-4%
Figure 10 Linear relationship between Irln(1 — 8)] and Int for (O) SiO, HIPed at 1750C for different holding times under an argon pres-
SizN4—3% Y203—2% SiQ and @) SizsN4—6% Y,03-4% SiQ. sure of 150 MPa: (a) 15 min, and (b) 60 min.
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small grains of8-SizN4 nucleated on the pre-existent dissolution rate is proportional @-Si3N4 concentra-
grains, are outgrown by others ones during the growthion. In this system the transformation kinetics are con-
process. Contrary to the Petzow and Hoffman hypothtrolled by the dissolution a&-SizNg.

esis, @mezet al.[13] have observed the nucleation of 5. By varying the %03/SiO, ratio, densification
B-Si3zNg4 grains fromx-SizN4 during SiC nitridation. In anda — 8 transformation can be controlled indepen-
this case, the nucleation of tifephase occurs without dently, so that the complete range of samples can
pre-existenfs-SizN,4 grains. be obtained, from dense samples showing no trans-

In the case of the composition with 6%,®; the  formation, through to porous samples with complete
value ofn is located between that corresponding totransformation.
needle enlargemem & 1) and large plate enlargement
(n = 0.5).

Taking into account that the determined values ar
approximate and that thg-SisN4 grains are needle
shaped, it could be expected that thealues obtained =: I .8 S L
experimentally correspond to appropriate condition gfdireccion de Invgstlgg0|ones Clehpas y Tecngtgl-
needle growth. Microstructural observations confirm®@s (DICYT), Universidad de Santiago de Chile.
this hypothesis, and thus in the micrograph (Fig. 11)
it can be appreciated that for a holding time of 15 min.
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