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Abstract

The influence of sintering parameters at an early stage of densification on the evolution of a bimodal microstruciiieder&mics
was investigated. Commonly two different methods are pursued to design a bimgidah8crostructure: (i) annealing at a later sintering
stage 1> 1850°C) initiating B-SisN4 grain growth via Ostwald ripening and (ii) seeding w¥SizN4 nuclei, which abnormally grow during
the liquid-phase sintering process. In this study, a third and novel method to degigm8crostructures by affecting intrinsic nucleation
phenomena at an early sintering stage is presented. In order to study the influence of sintering pararge®4bl onuclei formation
during the early stage of densification, temperature and pressure were systematically changed. Starting from identical green bodies (identical
processing and doping), the variation of the sintering parameters affected ingiB&l, nucleation. This procedure allows variation in the
fineness of the matrix as well as in the number and dimension of the large elofgatgd, grains embedded in the matrix. Since identical
green bodies are used as starting material, the resulting microstructure can easily be tailored toward corresponding application needs.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction via crack deflection and elastic bridgifiddence, a bimodal
grain-size distribution is highly desirable.
Potential application of silicon nitride in the field of tri- One approach to this is the development of a bimodal

bology as ball bearings and in modern combustion enginesmicrostructure, with elongated $8i4 grains embedded in
offers the possibility of increasing efficiency and reducing a fine and uniform matrix. Increased fracture toughness
energy consumption. This requires an improvement of ma- is attributed to the aforementioned mechanisms of crack
terial properties, particularly, with respect to the resistance deflection and elastic crack bridging. The formation of a
against crack propagatidrt. bimodal microstructure is enhanced when usiisNg
In contrast to a homogeneous fine grained matrix, a high as starting powder® The average aspect ratio of tife
aspect ratio of elongatedsBl4 grains in conjunction witha  SisN4-grains in the final compound depends on thes-
larger grain diameter leads to an improvgdurve behavior ratio in the SiN4 starting powdef:10 Therefore, commer-
(e.g., 3MPari? versus 10 MPai?).3-5 Mitomo et all° cial SikN4-ceramics are manufactured using powders with
reported av/2-correlation between fracture toughness and a high a-SisN4 content. A large amount of-SisN4 ac-
average grain diameter. Under the assumption of weak inter-celerates thex—B-transformation during the liquid-phase
face bonding, elongated grains embedded in a fine-grainedsintering processs: 13 but typically yields a rather fine
matrix stimulate energy dissipation during crack propagation equiaxed microstructure. Doping with fifleSisN4-needles
increases the number of elongafe®izNs-grains as well as
their aspect ratid*16 This leads to a highly bimodal mi-
mponding author. crostructure and a rather effective reinforcement aiNgi
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A theoretical model to describe the3-transformation Sajgalik und Galuse® studied the influence of amor-
and its influence on microstructure evolution was presented phous SiN4 addition on microstructure evolution. They
by Kramer et af! The degree of local supersaturation in observed that the microstructures became finer with in-
the secondary glass phase is mainly controlled by three pro-creasing amount of amorphoussSi; and attributed this
cesses: (i) surface reaction betweeSizN4 and glass melt  grain refinement to the formation @-SisN4 nuclei. Ow-

(dissolution ofa-SisNg particles), (ii) diffusion of SiNg ing to the fast dissolution of amorphoussSi in the glass
through the secondary glass phase, and (iii) precipitation of phase, local supersaturation occurred initiating homogeneous
SigN4 on pre-existing or newly forme@-SizN4 nuclei. Pre- nucleation.

cipitation of solvated $N4 on-SizN4 nucleiis not the rate- One of the major problems to distinguish between homo-

determining step for the growth procéssTherefore, the de-  geneous and heterogeneous nucleation is, however, to iden-
gree of local supersaturation is only influenced by the firsttwo tify viable nuclei either as newly formed or as those that
mechanisms: reaction at theSisNa/glass interface and dif-  already existed in the 8\, starting powder. Therefore, nu-
fusion through the melt. A variation of the heating rate during cleation events in the early stage of densification are com-
sintering affects the time-dependancy of (i) the solid/liquid monly discussed in the literature based on phenomenological
reaction at the-SizN4 glass interface (dissolutionkf) and ~ models. When the—B-phase transformation is completed,
(ii) the diffusion through the glassx(v/7). As a result, the  further densification proceeds via dissolution of smaller and
probability of local supersaturation and, consequently, of nu- growth of larger-SisN4-grains (classical Ostwald ripening
cleation increases with a lower heating rate. However, simi- model). In the case of a diffusion-controlled Ostwald ripening
lar to the cast of a larger number BfSizN4-particles in the process, abnormal grain growth@iSizNj is strongly influ-
starting powder, a higher nucleation rate typically results in enced by the chemistry of the secondary pi&gauring the
a relatively fine microstructure. final sintering stage, microstructure coarsening is attributed
Data presented in the literature on homogeneous ver-tg coalescence @-SisNy4 grains3435
sus heterogeneous nucleation and on the effectiveness This paper describes the effect of different heating rates on
of interface reaction versus diffusion path are rather the local supersaturation within the melt and, consequently,
contradictory?®>~2°> Hampshire and Jaék investigated the  on the probability of3-SisN4 nucleation. This process al-
influence of different sintering additives such agOg and  |ows the manipulation of the number of nuclei affecting
MgO on the development of thegBl4 microstructure. They  microstructure evolution. Moreover, an increase of the exter-
reported that densification of,03-doped SiNs was mainly  nally applied nitrogen gas pressure at an early stage of den-
controlled by diffusion, while sintering MgO-doped;Si sification increases the number of large elongdteBisN,
was predominately affected by theSisNs—glass interface  grains formed upon densification. Variation of the sintering
reaction. Hence, no supersaturation occurred in the latterparameters, temperature and pressure, at an early stage of

case and N4 precipitated predominantly on pre-existing  sintering (1400-1700C) can be employed for tayloring a
B-SizN4 grains. On the other hand, Brook et?&lreported highly bimodal microstructure.

that densification and grain growth in MgO-dopeghgi was
not affected by the solid/liquid interface kinetics, but was
solely controlled by the diffusion through the secondary glass 2. Experimental procedures
phase. They concluded that local nucleatio3¢3i3N4 was
in fact possible. In ¥O3-doped systems, the solvated ma- Green bodies were prepared by aqueous slip casting. A
terial is congested in contact areas due to the higher glasscommercial SiN4-powder (Ube SN-E10) was used in this
viscosity. Consequently, the nitrogen concentration in the study. SeO3 (4 vol%) was added as sintering aid. The sam-
glass locally increased ands8is crystallized as3-SizNg ples were sintered in a two-step gas-pressure sintering pro-
(homogeneous nucleaction). However, Lee éfakported cess Umax 1850°C, pmax: 2 MPa). During sintering up to
that in Y>03-doped SIAION grain growth was independent 1850°C, the heating rate was varied. Different sintering cy-
from both volume fraction of glass and diffusion process. cleswere employed, asillustratedHigs. 1 and 2An anneal-
They concluded that in their system nucleation was most ing step at low temperaturd:(1640°C) was included into
unlikely. the sintering cycle. In addition, the applied{dressure was

In general, homogenous nucleation takes place without increased to 1 MPa in the early stage of densificatiog. ).
the contribution of internal interfaces and is very probable Moreover, the sintering process was interrupted at interme-
when the secondary glass phase is highly supersaturated. Iliate temperatures (1500-18%0), in order to characterize
contrast, heterogeneous nucleation proceeds$igN4 in- microstructure evolution.
terfaces. This nucleation mechanism occurs mainly in sys- The o—B-phase content was calculated by XRD-
tems with a low volume fraction of glass and a high glass measurements (Seifert XRD 3000R[Cu(K)]), using
viscosity. Heterogeneous nucleation was described in the lit-the ratio of intensity between the (210)-peak of fhe
erature both for/-SIAION on «-SizN42° and B’-SIAION SizNg-phase and the (210)-peak of theSisN4-phase,
on B-SizN4.%° Braue et aP! reported on the heterogeneous [B/(o +B)].2® The microstructure development upon sinter-
epitaxy of silicon oxinitride, SIN2O, ona-SizNg. ing was characterized by SEM (Jeol JSM-6400, Jeol, Japan).
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Fig. 1. Schematic of the two-step gas pressure sintering cycle with (a) high
and (b) low heating rate at the early stage of densification.
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Fig. 2. (a) Introduction of an additional annealing step at &l@nd (b)
increasing N-pressure at the early sintering state (schematic).
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Fig. 3. XRD spectra of N4 samples (interrupted sintering cycles) doped
with 4 vol% S¢Og; high heating rate (HR) at 1580, 1640, 1680 and 1850

In addition, one spectrum was obtained at a low heating rate at°1540
including an additional annealing step (A) and increasgghessure).

and SgN4 (Eq. (2)), while SeSiOs reacted with the dis-
charged SiQto form the high-temperature stable;S@ 07
phase (see E(q3)). With increasing sintering temperature
up to 1850C all «-SisN4 was transformed into th@-
modification.

SizNg + 2Si0; + S0z — SGSIOs + 2SbN2O (1)
2SbN2O — SiOy + SisNg (2)
S©SIOs + Si0; — S©Si0Oy 3)

For this purpose, the surfaces were plasma-etched with

CF4-gas.

3. Results

3.1. Influence of different sintering parameters on
a—B-phase transformation

When the sintering cycle was interrupted at 1580the
SiO; localized at thex-SisN4 surface had reacted with the
sintering additive (Sg3) to form SgSi,O7 and SgSiOs
(Fig. 3. The conversion ofx-SisNg into the stablep-
modification had already started. However shgd-ratio still
remaineda-SizNg rich. In parallel, the reaction between
Si3Ng4, SiO; and SeO3 had already taken place in the for-
mation of SgSiOs and SpN»0, as given in Eq(l). InFig. 3,

The reduction of the heating rate shifted the overall phase
composition to that at higher temperatures. In addition, the
a—B-phase transformation was accelerated with a reduced
heating rate relative to the sintering temperature. No oxyni-
tride but some SSi,O7 was detected at the sintering cycle
interrupted at 1640C with a low heating rate (Eq$2) and
(3); Fig. 3). The XRD-result was similar to that of an in-
terruption temperature of 168C and a high heating rate.
Note that the introduction of an additional annealing step
(A) with a higher N-partial pressurep| resulted in a phase
composition comparable to the sample sintered with a low
heating rate and no increasgg,-pressure. In addition, the
ds—dr-curve, determined by in-situ dilatometer measurement,
shifted towards lower temperatures when a sintering cycle
with a lower heating rate was applieBig. 4, AT=60°C).

It is assumed that the formation of the liquid glass melt oc-

the different phase compositions depending on both sinter-curred earlier (kinetic effect). Hence, particle rearrangement
ing temperature and cycle are shown. At a temperature ofanda-SizN4 solvation were initiated at a lower temperature.

1680°C, both transient phases, 8,0 and SgSiOs, de-

Consequently, the—3-phase transformation was faster at a

compose and were not detected in the final microstructure slow heating rate, as compared to a high heating rate relative

at 1850°C. The silicon oxynitride disintegrated into SiO

to the sintering temperatur€if. 5).
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Fig. 6. SEM-micrograph of a 4vol% $03-doped SiN4; 1850°C, high
Fig. 4. Dilatometer curves fgdr) obtained with different heating rates, heating rate (se€ig. 1a).
4vol% SeOs-doped SiNg.

3.2. Microstructure development with different sintering
parameters at an early sintering stage

The grain size of the densified bodigs97% t.d.;Tmax:
1850°C) depends on the applied heating rate. Alower heating
rate increased the number of small grains and decreased the
average grain diameter. By comparing the SEM-micrographs
of identical S§N4-samples doped with 4 vol% 803 but sin-
tered at different heating rates, a pronounced variation of the
overall microstructure was observed (compaigs. 6 and .
Alower heating rate reducesthe average particle diameter and
the microstructure becomes in general finer. The number of
large grains with a diameter of5 um markedly decreased. gy 7. seM-micrograph of a 4vol% $0s-doped SiNa, 1850°C, low
The SEM image irfFig. 8illustrates the resulting microstruc-  heating rate (seEig. 1b).
ture after the incorporation of an additional annealing step
(lower heating rate) at thesddr-maximum (1640 C). With In addition to the temperature profile the pressure pro-
this variation of the sintering cycle at an early sintering stage, gram was varied (se€ig. 2b). The aim was to study how
the microstructure became even finer, as compared to a sol@n increased Npartial pressure influences microstructure
lowering of the heating rate. evolution, in particular, at the early stage of densification.
Highly elongated3-SizNs-grains embedded in a very fine-
grained matrix were the result of this additional change in

_.
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Fig. 5. Volume fraction o&-SizN4 vs. temperature at different heating rates, Fig. 8. SEM-micrograph of a 4vol% 20s-doped SiN4, 1850°C, low
4v0l% SeO3-doped SiNa. heating rate, additional annealing at 1640(seeFig. 2a).
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Fig. 9. SEM-micrograph of a 4vol% $0s-doped SiN4, 1850°C, low
heating rate, annealing at 1640 in addition to increasing Npartial pres-
sure (se&ig. 2b). Note that this is the most bimodal microstructure obtained
by simply changing sintering conditions in the early stage of densification
affecting nucleation and growth.

sintering atmosphere. The microstructure showrign 9re-
flects the most bimodal grain-size-distribution achieved by
simply varying the sintering parameters at an early sintering
stage (comparEigs. 6 and

4. Discussion

4.1. Nucleation process and influence of different
heating rates

Liquid-phase sintering is controlled by two main pro-
cesses: (i) reaction at the solid/liquid interface ofdh®izsN4
grains and (ii) diffusion of the solvated material through the
secondary liquid phasé-ig. 10. Which mechanism domi-
nates, primarily depends on the velocity of the diffusion pro-
cess. If the diffusion is fast enough to transport all solvated
SigN4 from the a-SizNg-surface to pre-existing-SizNg-

grains, no supersaturation within the secondary phase will
occur. In this case, the concentration changes little and the in-

Interface Reaction
PN

-~ ~

Diffusion
—_—

Concentration a-Si,N,

Secondary
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A
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Fig. 11. Time dependency of interface reaction vs. diffusion at different
heating rates. In the case of a lower heating rate nucleati@nQiN, is
more probable.

terface reaction is the time-dependent step fontHg-phase
transformation. Only pre-existing-SisN4-grains can grow
under these conditions. However, if the diffusion process is
slower than the dissolution of $\4, solvated SNy locally
enriches within the secondary phase (with prolonged reaction
time) and nucleation becomes more probabig.(11).

The general description of nucleation phenomena based
on classical thermodynamic models reaches its limit when
applied to SiN4. B-SizN4 nucleation takes place during sin-
tering at elevated temperature, and is overlayed by the change
in SizsN4 modification. Duringa—3-transformation, the sys-
tem is in a non-steady state equilibrium. Theoretic formula-
tions based on thermodynamic approaches can hardly explain
this non-equilibrium state. An extension of the classical nu-
cleation theory was introduced by Cahn and coworRé&r&

The description is based on the theory borrowed from contin-
uum mechanics. The melt is treated as individual small vol-
ume elements, so-called clustéfs*2where every cluster is
assigned a temperature and concentration. By this method,
the cluster energycuster Of €ach volume element can be
calculated as given in E4):

Ecluster= /[fch - K*(Vc)z]dV 4)
\%

wherefen is the energy density of one volume element (which
depends on the @\, concentration within the secondary
phase),Equster IS the total energy of the volume element,
K" is a constant (varies between 19 and 100 J/m), dad

is the concentration gradient. The different clusters are able
to interact with each other to exchange material or energy.
The driving force is this attainment of a homogeneous dis-
tribution of both parameters, concentration and temperature,
within the entire melt volume. The concentration gradient,
V¢, determines whether the cluster absofs € 0) or des-
orbs (V¢ >0) material. Given a high concentration gradient,

Fig. 10. Schematic showing the interface reaction vs. the diffusion process the different clusters have relatively low energies as compared

that occurs during the—3-phase transformation.

to their next neighbors.
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Fig. 12. Schematic description of the diffusion profile with different heating
rates and theirinfluence on nucleation. The diffusion profiles were calculated
by the second Fick’s law.

The driving force for the entire system is to achieve a ho-
mogeneous energy distribution. This leads to an energy trans
fer between different clusters. Consequently, decreases
and E¢jyster increases, which is the requirement for nucle-
ation. The necessary energy can be calculated dmthe

difference between the lattice energy and the cluster surface

energy. With increasing E the nucleation rate increases, as
shown in Eq(5):

)

with N being the nucleation raté,the Boltzmann constant,
T the temperature, and is the nucleation rate at thermody-
namical equilibrium.

E

kT

N = No {e( ®)

Lowering the heating rate increases the nitrogen concen-

tration near the surface of theSisN4-grains Fig. 12). At

the same time, the diffusion front moves further into the sec-
ondary liquid phase. As a result, a lower concentration gra-
dient develops. In comparing two volume elements within
the same distance from anSizNg-particle, a higher energy
density,fch, and a lower concentration gradieite, would

result in a sample densified at a lower heating rate. As a

consequence of these two behaviors, a high@ister and

AE would be observed which leads to an increased nucle-

W. Lehner et al. / Journal of the European Ceramic Society 26 (2006) 201-208
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Fig. 13. Dependence of nucleation rate on locgNgiconcentration in the
secondary glass phase (Ef)).

sintering temperature because of the Gibbs—Thomson effect.

Therefore, a reduced heating rate in addition to the incorpo-
ration of an annealing step (A) stabilizes a higher number
of B-SizNg-nuclei, resulting in a finer N4 microstructure
upon complete densification.
As shown inFig. 8 the introduction of an annealing
step at 1640C creates a fine microstructure. A remark-
able difference in the amount of small grains with a size
of <0.5pm was observed. The finest microstructure was ob-
served with the incorporation of an additional annealing step
at 1640°C. The maximum of the—-phase transformationis
situated near this temperature (§égs. 4 and b A fasta—3-
transformation rate in conjunction with a low diffusion rate
is the best assumption for the high local concentration of sol-
vated SEN4 (>cnucleation Within the secondary phase and the
corresponding increase in nucleation rate. During annealing
the supersaturation decreases. As a result, no new nuclei are
formed; instead stabilization @-SisN4 nuclei takes place
and nuclei with smaller radii grow to overcritical crystallites.
The result is an even finer microstructure in comparison to
that resulting from simply lowering the heating rate.

In addition to the temperature profile, the-dressure pro-
gram was varied by continuously raising the pressure during
the early sintering stage (maximunpigressue =1 MPa).

ation rate. Therefore, the reduction in heating rate resulted in The nitrogen partial pressure does not influence nucleation

the formation of a fine-grained microstructure in the Gg
doped SiN4 studied here. This effect can be explained by
a higher concentration of solvatedsNj in the secondary
phase and an increased probability of nuclei formation. In
other words, the number of crystallites that can potentially
grow rises and leads to a fine-grain microstructure.

The influence of annealing at early sintering stages on nu-

cleation and grain growth can be rationalized in a similar

directly. Nucleationis in factindependent of the applied pres-
sure, but is affected by it indirectly. During heating, more
nitrogen is incorporated into the secondary liquid phase.
Nitrogen transport predominantly occurs through the open
porosity of the partially densified $i4 body. The incorpora-
tion of nitrogen into the residual glass network (not dissolved
as molecular nitrogen) markedly increases the glass viscosity.
As aresult, the diffusion rate is lowered and the concentration

way: With a reduced heating rate, a higher concentration of of solvated SiN4 increases continuously, further increasing

solvated S§N4 within the secondary phase is generated. This
is combined with a higher nucleation ratéd. 13. Without

this additional annealing step at 164D, a fraction of smaller
nuclei would be dissolved during the continuous increase in

the probability of-SizsN4 nucleation Fig. 13. Moreover,

a higher N-partial pressure reduces the vapor pressure of
smaller SNy particles due to the Gibbs—Thomson effect. Be-
sides nucleation, a stabilization of smaller nuclei is supported
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in this manner. By changing the sintering parameters in the 5.
early stage of densification (heating rate, additional anneal-
ing step, nitrogen partial pressure), a very fine microstruc-
ture can be tailored with large-(0p.m diameter Eig. 9))
elongated SiN4-grains embedded in the fine-grain matrix. It

is assumed that the increased nitrogen partial pressure also
strongly favors the growth of pre-existir@tSisN4 grains.

This microstructure is by far the most bimodal microstruc-
ture achieved by simply varying the sintering parameters at o
an early stage of densification.

7.

8.

10.

5. Conclusions 11,
Variation of the sintering parameters, particularly at an 12.
early stage of densification, markedly affects microstructure
evolution of SgO3z-doped SiNg4. By (i) lowering the heat-
ing rate, (ii) introducing an additional annealing step and
(iii) increasing the N-partial pressure within the tempera-
ture range of 1550-170Q, nucleation of3-SizNs-nuclei
is strongly enhanced, which results in a very fine-grained
B-SisN4 matrix. In addition, pre-existin@-SizN4 particles
showed considerable grain growth when subjected to this al-
tered sintering program. Consequently, a highly aniosotropic 16.
microstructure with large elongat@dSizN4-grains embed-
ded in a rather fine matrix can be produced simply by tuning
the sintering parameters at the early stage of densification.
It is expected that such bimodal microstructures may reveal
the synergistic effect of high strength and improved fracture
toughness. Moreover, since identical green bodies can be uti-
lized in this process, the creation of tailored microstructures 18-
that meet specific application needs becomes possible.
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