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processing routes on microstructure and
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Four different commercial SizN, powders were hot pressed with the addition of La,03 and
Y,03 as sintering aids. Two powder processing routes were set up: addition of sintering aid
powders by ultrasonic dispersion, addition of nanodispersed amorphous additive species
by chemical coprecipitation. The following aspects were analyzed: characteristics of
starting powders and powder mixtures, with reference to surface modification
(electrokinetic behaviour and surface properties) induced by the powder treatment;
sintering behaviour of the powder mixtures; influence of raw powders characteristics and
processing route on microstructure and properties of dense materials. The microstructural
characteristics of hot pressed materials (grain size, aspect ratio, grain boundary phases)
were found to be dependent on powder characteristics and its process history. Significant
variation of the mechanical properties (Young modulus, hardness, toughness and strength)
were related to microstructural features. Strength, for example, ranges from 600 to

1200 MPa at room temperature and from 400 to 1000 MPa at 1200°C; toughness ranges
from about 4 to about 6 MPam'2. © 2001 Kluwer Academic Publishers

1. Introduction

The combination of mechanical, chemical, physical
properties makes silicon nitride a material suitable for
high performance structural applications. Dense Si3Ny-
based materials can be fabricated by the use of addi-
tives that promote liquid phase sintering. However, the
presence of a liquid medium implies the formation of
intergranular phases that influence all the properties,
depending on their composition, amount and distribu-
tion. In order to improve properties, much research is
focused on the control of the resulting microstructure
(grain size and shape, flaws, characteristics of intergran-
ular phases) through the production of fine and pure
powders, the design of sintering aid systems and the
development of controlled powder processing and den-
sification procedures [1-10].

The addition of sintering aids is a crucial step in
the production process [3, 4], as inhomogeneities intro-
duced at this stage remain inside the material. Generally
the processing of powders modifies their surface char-
acteristics, reduces the particle size, determines the dis-
tribution of the sintering aids and influences the inter-
particle interactions. If the additive is a powder, the
finite size of the particles may cause difficulties for in-
timate mixing. Considerable advantages can be gained
using chemical methods to produce additives in a finely
divided form or to distribute them homogeneously in a
nanoscale on the silicon nitride surface. This technique
can provide an excellent control of the distribution and
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the microchemistry of intergranular phases [4,5, 11—
16], but the relationships between processing and prop-
erties still need to be further investigated, particularly
regarding high temperature properties and reliability.
Actually, in some cases, the chemical processes are ex-
pensive and may act as a technological barrier in view
of their scale-up to industrial mass production.

The present investigation aims to assess the role of the
powder characteristics and treatments on sintering be-
haviour of the final powder mixtures and on microstruc-
ture and mechanical properties of dense hot pressed
materials. For this purpose, four different commer-
cial Si3sN4 powders and two different powder process-
ing routes were tested: (i) ultrasonic mixing: a clean,
fast, cheap, reliable method; (ii) chemical coprecipita-
tion from nitrates: a more complex and expensive pro-
cedure with enhanced potentialities but technological
limitations. Sintering aids were chosen in the system
La;O3 + Y,03, as they result in high solidus temper-
ature and viscosity, originating refractory phases on
crystallisation.

2. Experimental details

Four commercial powders were selected on the ba-
sis of their production process: nitridation of sili-
con and grinding: P95SH (Kemanord, Sweden) and
MI11 (H.C. Starck, Germany) named powders P and
M, respectively; chemical synthesis by liquid/vapour
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phase: SNE-10 (UBE, Japan) and Baysinid ST (Bayer,
Germany) named powders U and B, respectively.

Two starting compositions were designed (amounts
in wt%):

96Si3N4 + 2Lay 03 + 2Y,03 (composition 1)
94Si3Ny 4 3La;03 + 3Y,03 (composition 2)

The techniques used to add the sintering aids were
the followings:

— Ultrasonic mixing: Stirring of separate dispersion
of Si3N, and additive powders: Lay; O3 (Merck) and
Y,0;3 (Starck) in water by ultrasonic pulses, then
mixing of the two dispersions under magnetic stir-
ring at pH 10, adjusted with concentrated NH3. A
subsequent ultrasonic mixing by pulsed cycles was
performed for a total time of 10 min. The mixture
was freeze dried and sieved.

— Chemical coprecipitation from nitrate solutions:
Separate ultrasonic stirring in water of SizNy4 pow-
der and of Y- and La-nitrates (Y(NOj3)s3 - 6H,O,
La(NO3)s3 - 6H,0), mixing of the two dispersion
under controlled pH 9.5-10.5 by use of (Et)sNOH,
in order to allow metal hydroxides precipitation
on SizNy particles surface. After three stages of
sedimentation and washing with (Et);NOH water
solutions (pH 10), the mix was freeze dried and
calcined at 400°C for 1 hour under flowing N gas.

Characteristics of the starting SizN4 powders and
dried powder mixtures are summarized, respectively, in
Tables I, II and III. Oxygen content was measured by
LECO analyzer; the content of other impurities is based
on manufacturer specifications. Specific surface area
(s.s.a.) was measured by three-point B.E.T. method.
The value of equivalent spherical diameter was calcu-
lated by specific surface area, the mean dimensions of
particles and/or aggregates (D19 50,90) were estimated
by cumulative mass% curves obtained with X-ray Sed-
imentation analyzer.

Z-potential values and pHigp (pH of the isoelectric
point) of starting and processed powders were deter-
mined by Electrokinetic Sonic Amplitude (ESA) mea-
surements, in a 350 cm? Teflon measure cell attached
to the electroacustic analysis system, at 25°C, using
1 vol% suspensions. The Acousto Sizer was equipped
with a microliter autotitrator, an overhead glass mixer
that provides a continuous stirring during measure-
ments and probes for pH, temperature and conductivity
measurements. The ESA potentiometric titrations were

TABLE I Characteristics of the starting powders

TABLE II Characteristics of the starting powders

Atomic ratios Estimated surface sites (%)

Powder pHpEp N/Si Si/O N/O  SibNoO  SisNg — SiOp
8] 6.6 1.0 2.2 22 100 - -

B 4.0 75 0 1.1 8 - 52 48

P 5.1 1.5 0.5 .8 - 59 41
M 7.1 1.1 39 42 - 87 13

pHigp: isoelectric point (ESA analyses), atomic ratios of surface ele-
ments (XPS analyses), surface species evaluated by XPS data (according
to the procedure described in Ref. 14)

carried out separately in the basic and acidic direction.
The pH was set with 1 M KCl and 1 M NaOH. KC1 was
used to adjust a constant ionic strength (I = 1072 M)
and was added prior to the mixing process. Previous
studies have shown that K™, Na™, C1~ behave as indif-
ferent electrolytes for Si3N,4 and the adopted conditions
did not affect the z-potential measurements [17-21].

Morphology and distribution of raw and mixed
powders were analysed by SEM. Their crystallinity
was estimated by standard powder X-ray diffraction
(XRD). Atomic ratios of surface elements, on raw
SizNy4 powders and final mixtures of composition 2,
were measured by X-ray photoelectron spectra (XPS)
analyses, according to a procedure described in previ-
ous works [19,21].

All the mixtures were hot pressed under vacuum in
a BN-lined induction heated graphite die using a pres-
sure of 30 MPa and a temperature of 1850°C. Continu-
ous shrinkage of the samples was recorded during hot
pressing. Using a SEM equipped with a backscattered
electron detector, microstructure of dense materials was
examined on fractured and polished-plasma etched sur-
faces, parallel and perpendicular to the applied pres-
sure. Mean grain size and aspect ratio of elongated
B-Si3N4 were estimated. Crystalline phases of dense
materials as well as an orientation degree (intensity ra-
tio of the reflections (200) over (002) of the 8-Si3Ny
grains) were analyzed by XRD. In order to evaluate
the recrystallization of the residual secondary phases,
annealing tests were performed on some samples at
1400°C for 6 hours in a flowing nitrogen atmosphere.

Young’s modulus (£) was measured on (0.8 x
8.0 x 28.0) mm? plate, using the frequency resonance
method [22]. Flexural strength (o) was measured on
(2.00 x 2.50 x 25.00) mm> chamfered bars, in a 4-pt
bending fixture (20 mm outer span, 10 mm inner
span, crosshead displacement of 0.5 mm/min) at room

Impurities (Wt%)

of/(a + B) s.s.a d Do Dso Dog
Powder SizNy (ng’ 1y (pum) (pum) (pum) (um) (0] C Cl Fe Ca Al
U 95 11.5 0.16 0.27 0.51 0.92 1.09 - 0.01 0.01 0.005 0.005
B .94 12.2 0.15 0.23 0.57 1.2 1.44 - 0.1 0.005 0.0003 0.0003
P 93 7.3 0.26 0.23 0.77 4.0 1.35 0.29 - 0.06 0.01 0.03
M .90 11.6 0.16 0.21 0.54 3 0.81 0.2 - 0.01 0.01 0.08

«/p ratio of the two Si3Ny crystalline phases; s.s.a.: specific surface area (BET); d: equivalent spherical diameter; D: particle aggregates size
corresponding to 10, 50, 90 cumulative wt% of the granulometric distribution (Sedigraph); oxygen amount (LECO); other impurities (from the

powder suppliers).

4852



TABLE III Characteristics of the powder mixtures

Material 2 Uu 2 Uc 1 Uu 1 Uc 1Bu 1 Bc 1 Pu 1Pc 1 Mu 1 Mc
s.s.a. (m?/g) 11.9 10.9 11.0 12.5 10.5 10.7 8.6 9.0 16.3 13.0
O wt% 34 4.2 1.76 2.23 2.23 2.48 2.09 2.27 1.61 2.22
AO wt.% (+2.31) (+3.11) (+0.67) (+1.14) (4+0.79) (+1.04) (+0.74) (+0.92) (4+0.8) (+1.41)
pHiep 8.1 8.7 10.9 10.5 8.9 9.4
ApHigp (+1.5) (+2.2) (+4.2) (+6.1) (+3.6) (+2.2)
Algpto 11.12 0.22 0.61 2.18 1.73
Y/Si 0.02 0.30
La/Si 0.007 0.20

u: mixtures from ultrasonic mixing; ¢: mixtures from chemical coprecipitation; s.s.a.: specific surface area (BET); O: oxygen content (LECO); AO:
increase in oxygen content after coprecipitation, in respect with oxygen content in the starting powders; pHigp: pH of the isoelectric point (ESA),
ApHjgp: variation of the isoelectric point in the coprecipitated mixtures in respect with the starting powders, ApHgp to 11.1?* (difference in the
isoelectric points of the mixture and of the additives); Y/Si and La/Si: atomic ratios (XPS analyses).

#Mean value of pHjgp of the additives.

temperature up to 1400°C in laboratory air. Vicker’s
microhardness (HV 1.0) was measured with the Zwick
hardness tester on polished surfaces with a load of
9.81 N. Fracture toughness (Kjc) was evaluated with
the direct crack measurement (DCM) method with a
load of 98.1 N in the same tester using the formula pro-
posed by Anstis et al. [23]. Crack propagation was then
observed by SEM on polished-etched surfaces.

3. Results and discussion

3.1. Starting SizN, powders

The characteristics of raw SizNy powders are shown
in Tables I and II. Among the tested powders U, B
and M present approximately the same specific surface
area, higher than P. Powders M and P are characterised
by relatively wide particle size distribution and irreg-
ularly shaped (mainly acicular) particles. On the other
hand, powders U and B have spherical particle shape
and narrow particle size distributions. Type and amount
of impurities depend on the synthesis route: apart from
oxygen, which amount is low in powder M, the content
of the other impurities is about two orders of magnitude
higher in powders (P and M) produced by nitridation of
silicon than in powders (U and B) produced by chem-
ical synthesis. The presence of oxygen is due to a par-
tial surface oxidation of powder particles, because of
the thermodynamic instability of silicon nitride in air.
Therefore, the particle surface is covered by a layer con-
taining mainly amphoteric silanol (Si—OH), basic sec-
ondary amine groups (Si;=NH), and silicon oxynitride
(Si;N,0), in different amounts, depending on powder
preparation and subsequent treatments. According to
the atomic ratios measured by XPS (Table II), powder
U seems to present an homogeneous and complete sur-
face layer composed by Si;N,O. In powder P and B
two distinct XPS silicon peaks were detected and at-
tributed to SizNy4 and SiO,, surface sites that accounts
for the presence of a probably patchwise oxygen-rich
surface [19]. Type and estimated amounts of surface
sites in the different Si3N, powder particles are in-
dicated in Table II. Presumably, as reported specifi-
cally for silica samples [24], several different kinds of
Si—O species are present at the surface, these including
also Si-OH bonds. Powder M presents this dual com-
position too, but with a low percentage of SiO, sites
(Table II) confirming the low oxygen content detected

by LECO technique. XPS analyses revealed also the
presence of fluorine, due to chemical leaching on pow-
der M in order to reduce surface silica. The results rel-
ative to powder M are in agreement with previous stud-
ies of silicon nitride powders produced by nitridation of
silicon [25, 26].

The presence of these surface species on SizNy parti-
cles are confirmed by the values of the pHjgp measured
by ESA analyses (Fig. 1). The shift of the pHigp val-
ues is due to differences of surface oxygen content:
(i) a more acid surface derived from a larger presence
of surface silica sites (or a mixture of silica and silicon
nitride) for powder P and B [19-21,27], (ii) a more
basic surface due to oxynitride film coating in pow-
der U; (iii) a surface mainly covered by basic silylamine
groups for M. In addition, looking at the curves in
Fig. 1, it is possible to confirm the presence of these sur-
face sites (Table II). In correspondence of strongly acid
pH, the z-potential results positive, proportionally to
the presence of silylamine positive groups (Si=NH;r),
besides neutral Si-OH groups, this effect being par-
ticularly evident for powder M. Instead, the values of
z-potential in basic pH is negative due to the couple
SiO/Si=NH and in this case powders B and P seem to be
richer in silanol groups. Powder U shows an intermedi-
ate behaviour due to a composition neither silanolic nor
silylaminic. The chemistry of coating layers drives the
particles’ reactivity: oxynitride sites seem to be more
reactive than silanol/silylamine ones.

The surface status of silicon nitride powders under-
goes modification depending on processing routes. It
was ascertained [19] that also powder U, which has a
more homogeneous and slightly oxidized surface, af-
ter attrition milling, ultrasonic mixing and ball milling,
presents increasing amount of SiO,, in a direct rela-
tionship with processing time. Among the mentioned
processing routes, ultrasonic mixing changes the sur-
face characteristics less than the other methods. There-
fore, in the present study, it was chosen as a route alter-
native to chemical methods for the addition of sintering
aids to silicon nitride powders.

3.2. Powder mixtures

The introduction of sintering aids involves several inter-
actions (such as heterocoagulation, precipitation, seg-
regation) between silicon nitride and additive particles;
these phenomena are strongly dependent on the surface
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Figure 1 ESA titration curves of the four raw silicon nitride powders and the four mixtures containing the additives (2 wt% La;O3 + 2 wt% Y,03)

introduced through chemical coprecipitation (c).

properties of the starting powders. Particle surface char-
acteristics influence the dispersing behaviour of the
suspensions during the addition of sintering aids, as
the specific adsorption of the metal ions influences the
solid-liquid interface properties. The two metal oxides
Y,03 and Lay O3 used as sintering aids present basic
surfaces, pHigp 10.4 and 11.8 respectively, and their
minimal solubilities were calculated to correspond to
pH 10.2 and 9.8 [19]. Considering that the four silicon
nitride powders have a more acidic surface than the two
sintering aids, heterocoagulation occurs in the opposite
z-potential overlapping pH range, where the additive
and SizNy particles exhibit opposite surface charges.
Moreover, in chemical coprecipitation method, an ad-
ditional phenomenon of nucleation and growth (pre-
cipitation of mainly amorphous nuclei of metal oxide
species) should occur in the pH range corresponding to
the minimal solubility of the additives. On these basis,
regardless of the mixing process, experimental pH for
the addition of the oxides was strictly maintained in
the range 9.5-10.5, in order to fit with the condition of
minimal solubility of Y- and La-oxides and to fall into
the pH range of opposite z potential values. Relation-
ship among phenomena occurring during the addition
of sintering aids (heterocoagulation and/or precipita-
tion), surface properties and type of resulting coating
are still open arguments to be further investigated [20].

3.2.1. Ultrasonic processing effects

The ultrasonic dispersion acts exclusively through het-
erocoagulation of silicon nitride and additive powders
and it limits the contamination that usually derives
from milling media and allows homogenization of the
powders in a very short time. Electroacoustic analy-
ses [20, 21] showed that a good “coating” of the sili-
con nitride particle surface with additive species can be
obtained with ultrasonic dispersion, the experimental
atomic ratios La/Si and Y/Si approximating the theo-
retical values [19] (Table III). The preferential surface
enrichment of yttria in respect to lanthania is due to its
higher positive z-potential at the selected experimen-
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tal pH values. SEM analyses indicated the presence of
randomly distributed aggregates of additives with di-
mensions lower than 3 pum.

3.2.2. Coprecipitation

Comparing the relative ESA titration curves (Fig. 1)
of all the coprecipitated mixtures with composition 1,
the following features can be highlighted: (i) the pHigp
shifts towards basic values, i.e. towards those of the
additive oxides; pHigp values of the mixtures close to
those of the additives indicate a homogeneous coat-
ing without segregation of precipitated hydroxides; the
SizNy particle surface behaves as a surface coated with
Y(OH)s and La(OH)s; (ii) the difference in the pHgp
values between the starting silicon nitride powder and
the relative mixtures (Table III) gives an estimation
of the heterocoagulation and coprecipitation processes
and a relative comparison of the raw powder surface
reactivity.

The experimental atomic ratios (Y/Si and La/Si) re-
vealed by XPS analyses (the data in Table III are relative
to mixture 2U) appear to be at least one order of mag-
nitude larger in coprecipitated powders than in ultra-
sonicated ones, owing to the additional coprecipitation
phenomenon. As in the previous case, the surfaces are
richer of Y than of La, due to better specific adsorption
(heterocoagulation) of Y, O3 than La, O3 for the reasons
above explained.

It is possible to establish a merit rating concerning
the surface reactivity of each silicon nitride powder, in
respect with an ideal configuration:

— Powder B: It exhibits a surface composed mainly of
silica that favours a large number of nucleation sites
scarcely reactive; it implies a weak but homoge-
nous growth of additive species which induces the
formation of a film with a high screening effect in
respect to the substrate, as suggested by the high
ApHjgp.

— Powder U: The homogeneous surface layer of
SipN,O on particles of powder U gives rise a rapid
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Figure 2 Scheme of the distribution of the additives around the silicon nitride powder particles: (a) homogeneous coating of amorphous additive
species as observed on powder U and (b) formation of nanoclustered amorphous additive species, observed on powder P.

nucleation of Y and La oxides with few nuclei but
a large growth that provides a smooth coating. The
morphology and smoothness of this coating was
observed by TEM analyses (Fig. 2a).

— Powder P: Features like high surface concentra-
tion of silanol groups with low initial reactivity,
large grain size distribution, low specific surface
area and irregular particle shape favour inhomoge-
neous heterocoagulation of the additive species on
particle surface that results in the worst screening
effect in respect to the substrate.

— Powder M: The low content of silanol groups and
the presence of sylilamine imply a scarce surface
reactivity, that causes a minimal heterocoagulation
of the additive species and inhomogeneous surface
coating of SizNy4 powder particles.

Concerning powders P and M, it can be hypothesized
that amorphous clusters of additive precipitates form,
consisting of clumps of nanosized, near round shaped
particles, which are supposed to be the first cause of
the observed increase in specific surface area (Tables I
and III and Fig. 2b).

As crystalline phases, peaks due to additive phases
(Lay 03, Y,03 and some La(OH)3) were detected in the
mixed powders. In addition, the coprecipitated powders

present always an higher oxygen content than the ultra-
sonicated ones, owing to the calcination step (Table III).

The results confirm that morphology and distribu-
tion of the additive-containing coating on the surface
of the core particles depend on precipitation and het-
erocoagulation mechanisms, which are related to sur-
face charge characteristics, particle surface chemistry,
size and distribution of core and precipitated particles,
amount of the additive precursors (i.e. concentration of
metal ions), nature of the other ion species in solution,
kinetics of precipitation, pH, viscosity) [16-21, 28, 29]:
their influence is not yet completely clear and the opti-
mization of the chemical processes needs to be further
investigated.

3.3. Densification behaviour
during hot pressing

The sintering behaviour of the powder mixtures during
hot pressing under constant experimental conditions
(T =1850°C, P =30 MPa) are compared in Fig. 3a
and b, where the relative density is reported vs. the
temperature from the onset of shrinkage up to 1850°C,
and vs. time during the isothermal step at 1850°C. The
relative densitiy values were calculated from the shrink-
age curves recorded during the hot pressing.
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Figure 3 Densification behaviour during hot pressing, vs. temperature
up to 1850°C and vs. time during the isothermal stage. (a) mixtures after
ultrasonic mixing: u; (b) mixtures after coprecipitation: c.

The green densities are 2—5% higher in the ultrasoni-
cated powders than in the coprecipitated ones, due to the
presence, in the latter case, of coatings or nanoprecipi-
tates that lower the flowability of the particles. Under
constant powder treatment, the powders produced by
nitridation of silicon (P and M) have a green density
10-15% higher than powders from chemical synthesis
(U and B). It has to be related to particle size distribu-
tion and particle shape: narrow grain size distribution
and round shape (as in powders U and B) lower the
green density.

The temperature (as registered during hot press run)
at which the shrinkage starts (7, Table IV) indicates the
outset of the first densification stage (particle rearrange-
ment and fragmentation) and ranges from ~1500 to
~1650°C for ultrasonicated mixtures and from ~1050
to ~1200°C for chemically coprecipitated powders.
The unusual behaviour observed in the latter case (i.e.
the start of shrinkage at relatively low temperatures and
the very slow shrinkage up to the temperature corre-
spondent to the initial densification of ultrasonicated
powders) is related to the morphology and distribu-
tion of the additives, in the form of particle coatings or
clumps of nanosized precipitates. As in this stage den-
sification is presumed to be due to the flux of matter
through the contact regions to the surface of the necks
between solid particles, the presence of fine additive
precipitates may have undergone slow fragmentation
under stress, and consequently to a slow flux to the pores
at the edges of the Si3Ny particle surfaces, until the sys-
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TABLE IV Values of the relative density

Sample®  po (%)  pisso (%) pr (grfem®)%  To (°C)  Tiig (°C)
1 Uc 44.2 80.1 3.26 100 1130 1700
1 Uu 47.7 76.7 3.25 100 1615 1730
1Bc 43.6 72.5 322 995 1050 1650
1 Bu 44 .4 72.4 3.23 999 1515 1650
1Pc 55.6 76.7 3.16 977 1125 1530
1Pu 59.5 78.9 3.04 938 1590 1630
1 Mc 52.2 76.0 324 999 1195 1560
1 Mu 58.1 78.3 3.20  98.9 1615 1670
2 Uc 44.0 90.0 3.28 100 1100 1750
2 Uu 47.5 85.0 3.27 100 1640 1740

po: green density; p1gso at 1850°C, pr: final density; Tp: temperature of
shrinkage onset; Ti;q: temperature at which starts the second densifica-
tion stage.

%u: mixtures from ultrasonic mixing; c: mixtures from chemical
coprecipitation.

tem reaches a fractional volume of porosity equivalent
to that of powders from ultrasonic dispersion [4].

At the same time, when large amount of liquid is
formed, the solution-diffusion-reprecipitation mecha-
nism drives the densification in the second stage at a
rate depending on composition and viscosity of the lig-
uid medium. The temperature at which the second den-
sification stage starts corresponds approximately to the
liquidus temperature (Tjjq in Table IV) and ranges from
~1530 to ~1750°C. Both these temperatures and the
densification rates are dependent on:

— Type and amount of the additives. The high temper-
atures required to densify these powder mixtures
depend mainly on the selected additives. The lig-
uidus temperatures measured for the mixtures from
powder U are in agreement with the Y,03-LayO3
[30] and Y,03-Lay03-SiO; [31] phase diagrams.
The variation in the liquidus temperature observed
for the different samples are to be ascribed to oxy-
gen and impurities in the starting powders, as de-
scribed below. At constant powder treatment, an
higher amount of additives (of the same composi-
tion) increases Tjiq, because of the lower influence
of impurities and oxygen present in the starting
powders on liquidus composition.

— Starting powder characteristics. The values of Tj;q
are relatively lower in samples produced from pow-
ders P and M, due to the amount (three orders of
magnitude higher than in powders U and B) of
impurities like Ca, Fe and Al which contribute to
decrease the liquidus eutectic and to increase the
amount of liquid. Secondarily, also oxygen con-
tent affects the liquidus temperature and it can be
the reason of the difference in Tj;q between the two
pure powders U and B.

— Powder treatment methods. In the case of powders
U and B, powder treatments slightly affect Tj;q.
On the contrary, this effect is remarkable when us-
ing powders P and M. In all the cases, the cause
of the lower liquidus temperature in chemically
processed than in ultrasonicated powder mixtures
is the association of their relatively higher amount
of oxygen with metal impurities.
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Figure 4 Densification rate vs. relative density during the isothermal
stage. (a) mixtures after ultrasonic processing: u and (b) mixtures after
chemical coprecipitation: c.

During heating up to 1850°C, samples from composi-
tion 2 (more additives and, consequently, liquid phase)
reached relative densities higher than 85%, while for
composition 1 the relative densities range from 72 to
80%. Under constant hot pressing conditions, i.e. dur-
ing the soaking time at 1850°C, the sintering behaviour
is strongly dependent on the starting powders. The plots
reporting the densification rates against relative density
(Fig. 4a and b) during isothermal treatment show the
following main features:

— Mixtures from powder U reveal a linear decrease of
the densification rate, with a relatively high slope,
particularly up to 95% of relative density (i.e. re-
garding the 2nd densification stage), and the slope
decrease when the 3rd densification stage (elimi-
nation of closed porosity) becomes active.

— In the case of the mixtures from the other pow-
ders, the densification rate is lower and decreases
approximately linearly up to about 85% of relative
density. Afterwards, powder P has a low and nearly
constant densification rate, which does not allow
to obtain full dense samples (relative densities 93—
97%). In mixture from powder M, the densification
rate decreases slowly, nevertheless nearly full den-
sity is achieved (about 99%). In both these cases the
large grain size distribution of the particles induces
inhomogeneous sinterability, i.e. hinders densifica-

tion mechanisms where larger particles are present
as they influence liquid phase sintering kinetics
[32]. In addition, due to the low purity of these
powders, as above described, the local composition
and distribution of liquid phase during sintering is
not homogeneous.

— The unusual behaviour observed for the mixtures
from powder B (after a decrease of densification
rate, it seems that densification rate increases) is
related to a partial surface decomposition of sil-
icon nitride that is registered during hot pressing
after the sample reaches 85% of relative density,
and observed in the hot pressed samples. This fea-
ture is still unclear because the powder possesses
all the characteristics for an excellent sinterabil-
ity (high purity, narrow grain size distribution and
round particle shape). Similar decomposition was
not revealed using the other silicon nitride powders.

To conclude, powder U demonstrated the best sin-
terability, owing to a unique combination of charac-
teristics: the narrowest size distribution, round shape
particles, high reactivity, most homogenous surface
covering of additives.

4. Microstructure of hot pressed materials
SEM micrographs on plasma etched surfaces compare
the microstructural features of hot pressed materials
changing either silicon nitride powders (Fig. Sa—d) or
processing route (Fig. 6a and b). Typical microstruc-
tural parameters (final density, orientation degree,
residual «-Si3Ny4 and grain size) are reported in Table V.
The microstructure presents in any case elongated
grains mixed with smaller and equiaxed grains, al-
though these features change in the various sintered
materials. In fact, the microstructural evolution depends
on the mechanisms, involved during densification/grain
growth processes, that are related to the powder pro-
cessing history. It is well known that during densifica-
tion and o — $-Si3Ny4 phase transformation, S-SizNy
nuclei form with crystallographic orientation, initiat-
ing the growth of primary rod-like 8 phase, having
the basal planes parallel to the direction of the ap-
plied pressure. Number, size and growth rate of the
B phase are governed by key factors such as type, dis-
tribution of the liquid phase and the characteristics of
powder mixtures. Consequently, hot pressed materi-
als studied in this work present different amounts of
elongated grains in respect of regularly shaped grains,
mean grain size, aspect ratio of the elongated grains,
microstructure anisotropy parallel and perpendicular
to the applied pressure, porosity and defects. Residual
«-Si3Ny was detected only in samples from powder U:
due to refractoriness of the liquid phase (see liquidus
temperature), the solubility of «-SizN4 was limited. A
pronounced orientation of 8-Si3Ny grains, indicated by
the low value of 1509/ loo2 (Table V), was assessed by
X-Ray diffraction in all the sintered samples, with the
basal planes aligned to the direction parallel to that
of the applied pressure. Such a feature is confirmed
by the typical morphology observed upon the surfaces
parallel and perpendicular to the pressing direction
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TABLE V Some microstructural parameters of the hot pressed materials

Residual

a-SizNyg Tr00/T002(*)
Sample p (gr/cm?) 0 (%) (vol%) B-Si3Ny D (um) a
1 Uc 3.26 100 15 1.5 0.4540.1 7.0+24
1 Uu 3.25 100 Traces 25 0.4+0.1 7.8+1.9
1Bc 322 99.5 0 0.7 0.5+£0.2 6.1+24
1 Bu 3.23 99.9 0 1.6 0.6+0.2 6.5+2.0
1Pc 3.16 97.7 0 1.8 0.7+0.2 54+1.9
1Pu 3.04 93.8 0 1.8 0.7+0.3 57+1.8
1 Mc 324 99.9 0 2.1 0.6+0.25 6.0+2.1
1 Mu 3.20 98.9 0 0.9 0.6+0.2 73+2.6
2Uc 3.28 100 15 1.9 0.4+0.05 9.8+2.0
2 Uu 327 100 9 22 0.3540.1 7.8+3.1

Final density p, orientation degree I200/ 002, mean grain size D; aspect ratio a of elongated SizNy grains.

(*) I200/ 1002 relative to a random orientation: 6.6.

.
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Figure 5 SEM micrographs of polished and plasma etched surfaces (perpendicular to the applied pressure) from materials obtained by ultrasonic

dispersed mixtures: 1 Uu (a), 1 Bu (b), 1 Pu (c), and 1 Mu (d).

(Fig. 7a and b). Materials from powder U reached full
density and showed only negligible microporosity.
Samples from powder M and P presented some pores
and poorly dense areas (Fig. 5c and d). The use of pow-
der U, both processed by ultrasonic mixing or chemical
coprecipitation, offers the more uniform in situ com-
posite microstructure with the highest aspect ratio and
the lowest grain size. High additive content favours, in
composition 2, the development of finer grains with as-

4858

pect ratio up to about ~10, particularly in the sample
obtained by chemical coprecipitation.

Materials from powder B, although nearly fully
dense, have inhomogeneities: abnormal grains were re-
vealed in sample from the coprecipitated powder. The
origin of these defects is therefore dependent on the
powder processing procedure.

Materials from powder P have evident microstruc-
tural inhomogeneities (i.e. low dense areas, pores).



Figure 6 SEM micrographs of polished and plasma etched surface (perpendicular to the applied pressure during hot pressing) from Si3sN4 powder B
and composition 1: (a) ultrasonic dispersed mixtures and (b) coprecipitated mixtures.

Figure 7 SEM micrographs from polished and plasma etched surface of sample 1 Mu, parallel (a) and perpendicular (b) to the direction of applied

pressure during hot pressing.

These features are due to characteristics of the starting
powder P: the wide particle size distribution and the
low surface reactivity, that prevent the formation of a
homogeneous coating of particles with additives. These
factors implied low sinterability and the achievement of
poorly dense samples. The high content of impurities in
the starting powder lowered the liquidus temperature,
favoured the growth of grains with lower aspect ratio
and less homogeneous final microstructure (Fig. 5c).
Moreover, the carbon contamination of the powder
(Tables I and II) could have locally impoverished the
liquid phase, through the formation of carbide volatile
species [33]. All these factors justify, particularly when
additive powders were introduced by ultrasonic mix-
ing, the worst results obtained with powder P, among
the four tested powders.

Samples from powder M, particularly the coprecipi-
tated mixture, reached satisfactory final density with a
rather coarse microstructure.

All the above-described microstructural features de-
pend mainly on the additive system and oxygen plus
other impurities that lower the liquidus temperature. In
fact, M and P powders evidence a liquidus temperature

200°C lower than powder U. Generally more oxygen
in chemically processed mixtures lowers the liquidus
temperature in respect with those from ultrasonic mix-
ing. Considering that the viscosity of the liquid phase is
proportional to the temperature of the liquid formation,
densification and grain growth kinetics are different for
the various samples, being the diffusion coefficients
reversely related to the viscosity of the liquid phase
[1,34]. The experimental data evidence a reverse rela-
tionship between liquidus temperature and mean grain
size. A more viscous medium limits mass transport,
this retards grain growth and favours the development
of fine and fibrous microstructure: it was experimen-
tally confirmed by the behaviour of samples 1U and 2U
containing two different amounts of additives. Compo-
sition 2 in fact (due to the scarce influence of powder
impurities) presented the higher liquidus temperature
and the final lower mean grain size, associated with the
highest aspect ratio.

In the hot pressed materials, no crystalline grain
boundary phases were detected on X-ray spectra, ex-
cept in Bu sample, where traces of Y-La-silicates were
found. These species probably derive from the higher
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amount of oxygen in the starting B powder. After an-
nealing tests at 1400°C for 6 hours, amounts from 2 to
6 vol% of crystalline phases (La-Y-Si-O-N and La-Si-O
phases with various stoichiometries) were revealed.

The presence of different grain boundary phases in
the various samples was confirmed by thermal expan-
sion tests. In fact, heating up (5°C/min) the test samples,
two devitrification humps generally occurred, the for-
mer in the temperature range 1000—1200°C and the lat-
ter 1250-1400°C, being attributable respectively to the
devitrification of glassy silicates and oxynitrides. Some
studies [35-38] reported that the substitution of nitro-
gen for oxygen in the glass network produces a more
rigid network increasing the viscosity of the glass. The
transition temperature of these glasses increases with
nitrogen content and with the type of the network modi-
fier: amorphous phases in the system La- Y-Si-O-N have
transition temperatures higher of about 200°C in respect
with other oxynitrides [36-38]. Therefore, due to the
selected additives (Y,O3 + LayO3), the high coordina-
tion number of La** and Y3+ as glass modifiers is also
beneficial for a more rigid glass network in comparison
to the action of other cations.

5. Mechanical properties

With reference to the values of the tested mechanical
properties (Table VI), the relationship between proper-
ties and microstructure is discussed below.

TABLE VI Mechanical properties of the hot pressed materials

5.1. Young’s modulus (E)

Residual porosity is the primary factor influencing E.
The E values of the nearly full dense samples range
from 322 to 329 GPa. These values are higher than
those generally found for silicon nitride produced with
other sintering aids [1, 4, 16]. It may be ascribed to the
characteristics of the residual grain boundary phases:
less sintering aids and stiffer residual Y-La-oxynitride
glasses [4, 36]. The lower value from sample Bu is prob-
ably due to the higher amount of glassy or crystalline
silicates in the intergranular phases.

5.2. Hardness (HV1.0)

Because of the residual porosity, larger grain size and
other microstructural defects, samples from powder P
and M were less hard than those from powder U and B.
The hardness measured on the surface perpendicular to
the applied pressure during sintering is higher than that
in the surface parallel. This accounts for the anisotropic
microstructure after sintering.

5.3. Toughness and crack propagation

In all the produced materials, a toughening effect arises
from a combination of factors like number, size and
aspect ratio of textured B-Si3Ny grains, as evidenced
from tests in two perpendicular directions (Table VI
and Fig. 8a and b). In the surface perpendicular to the

HV1.0 (GPa) Kic (MPa,/m) o (MPa)
Sample E (GPa) Vi 1 Vi 1 RT 1000°C 1200°C 1400°C
1 Uc 329 172404 18.4+£0.8 4.6+0.1 58402 990 4 142 751 +£76 746 4+ 85 735453
1 Uu 325 17.8+0.5 182+0.6 43+0.1 5.7+0.2 1137 +65 889 + 99 789 + 32 678 +57
1Bc 323 16.54£0.7 17.4£09 3.840.1 41404 695 4+ 48 612458 544 +27 494 + 43
1Bu 317 17.040.6 18.5+£0.9 3.74+04 4.1+0.1 6194173 677 +23 593 +33 521410
1Pc 304 154407 153£0.9 3.840.1 47402 841462 622458 571445 473 +£27
1Pu 282 114409 150£1.2 55+04 52404 583 +20
1 Mc 322 17.1£05 17.8+£0.4 44403 51403 786 4 74 582470 399 + 28
1 Mu 328 147406 16.1+£0.7 5.0+04 5.6+04 694 + 74 594 4+ 57 393 +26
2Uu 325 17.54+0.4 18.9+0.3 49+02 5.7+0.1 941 + 67 826429 974 +171 771 +56
2 Uc 325 17.1£05 18.1£0.5 5.04+0.3 5540.1 941 4 84 9274+ 52 968 £ 30 761 £ 32

Young’s modulus E, Vicker’s hardness HV 1.0, fracture toughness K¢, flexural strength o at various temperatures.

Figure 8 Comparison of the crack propagation on a surface parallel to the applied pressure: (a) shorter crack and (b) longer crack.
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hot press direction, a larger number of rod-like §-SizNy
grains with crystallographic c-axis lying upon this sur-
face favours the crack deflection along grain boundaries
and, sometimes, the bridging of the advancing crack.
These mechanisms reduce the constraint level on the
crack tip toughening the material.

Crack deflection was more frequently observed in
samples with aspect ratio higher than 7 and/or is more
pronounced in materials with larger grain size.

5.4. Room temperature flexural strength
The flexural strength values were found to vary sig-
nificantly (Table VI). Excellent values (in the range
900-1200 MPa) were recorded only in samples pro-
duced with powder U, particularly in composition 1.
Slight difference can be associated to the powder pro-
cessing route. It means that, after an effective dispersion
of additives, fine and pure raw silicon nitride powder
strongly limits detrimental effects on service of the de-
fect population. Among the nearly full dense samples,
the lowest strength concerns samples from powder B
that, although “fine and pure”, come from a raw powder
with acid surfaces, which limit a uniform coating of the
powder surface with additives. The more frequently ob-
served defects, in fact, are due to the poor homogeneity
of the grain boundary phases. The presence of coarse
particles in the starting powders P and M and the lack-
ing homogeneity in the distribution of the additives can
explain the development of microstructural defects like
exaggerated grains associated to poorly dense areas (an
example is shown in Fig. 9).

5.5. Flexural strength at high temperatures
In addition to the manufacturing defects and the relax-
ation of machining residual stresses, the softening of
the grain boundary phases and the introduction of new
flaws (i.e. oxidation pits) represent the main features
that affect and degrade strength at high temperatures
in air.

Materials from powder U showed remarkable perfor-
mances up to 1400°C with strength values near to about
800 MPa. Sample 1Uc shows a constant strength from
1000 to 1400°C, samples 2Uc and 2Uu from room tem-
perature to 1200°C, accompanied by a slight decrease

Figure 9 SEM micrograph of polished and plasma etched surface from
sample 1 Pc: abnormal grains and poorly dense areas are shown.

at 1400°C (18%). It confirms the effectiveness of the se-
lected additive system to yield highly refractory grain
boundary phases for the development of high perfor-
mance materials at high temperatures. Samples from
powder B maintain rather good strength up to 1400°C.

Materials produced with powder P and particularly M
show a significant strength decrease at 1200°C, where
the values are about half of those measured in sam-
ples from powder U. The strength decrease is related
to less refractory grain boundary phases, confirming
the above discussed assessment on the relationships
among impurities—liquid phase characteristics during
sintering—grain boundary phase refractoriness in the
dense silicon nitrides.

Another important factor is the distribution of grain
boundary phases. The coarser is the microstructure, the
larger are the glassy pockets at triple grain junctions:
failure can originate there under stresses and then ad-
vance along the grain boundary layer. It can be a feature
influencing in particular samples P and M with coarser
microstructure.

6. Conclusions

Starting from four commercial silicon nitride pow-
ders, two processing routes (ultrasonic mixing and
chemical coprecipitation) were developed for the ad-
dition of sintering aids (Y,O3 + La;03). Relationships
among characteristics of the starting powders, process-
ing methods, sintering behaviour under hot pressing
were investigated.

The different powder processing routes gave rise to
similar surface layer composition of the additive species
but to different layer morphologies and screening ef-
fects. The generally superior qualities of powder U as-
sure a homogeneous and complete superficial covering
of additives that results in a better sinterability of the
mixed powder, in respect to powder mixtures from the
other Si3N4 powders.

A fibrous microstructure of hot pressed silicon ni-
tride was obtained, however grain size, aspect ratio,
microstructural homogeneity and characteristics of the
grain boundary phases depend on powder character-
istics and powder processing routes. In particular the
more uniform coating of Si3Ns powder particles with
additive species reflects the best performances of the
powder mixture in terms of sinterability and resulting
microstructure, as observed in materials from powder
U. In the case of the other powders (B, P, M), for both
the powder processing routes, several concurrent fac-
tors such as broad grain size distribution, impurity con-
tent and high content of SiO; species upon the particle
surface affect microstructure.

The observed microstructural characteristics induce
specific effects on mechanical properties. The mea-
sured mechanical properties highlight the merit of the
silicon nitride powders produced by chemical syntesis
(U and B) in respect with the powders from nitridation
of silicon (P and M). The highest strengths (950-1200
MPa at room temperature and 700-800 MPa at 1400°C)
were measured on samples from powder U for both the
sintering aid amounts and rather independently on the
procedure adopted to introduce sintering aids. Materials
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from powder B, although their strength are quite lower
(600—800 MPa at room temperature and about 500 MPa
at 1400°C) can be still considered satisfactorly with a
limited strength degradation.

On the contrary the strength of materials from pow-
ders P and M decreases at 1200°C to values about half
of those measured on samples from powder U. This is
due to a less refractory secondary phase, as a conse-
quence of metal impurities in the starting powders and
to a wide grain size distributions.

Comparing the procedures adopted for the addition
of the sintering aids, no significant differences in terms
of resulting mechanical properties can be evidenced.
Concerning the chemical route, further improvements
can be gained from a more rigorous control of the ex-
perimental parameters, provided that the powders are
pure, fine and with a controlled acidic surface. If the
additives are powders, further benefits remain difficult,
because of the finite size of the particles.

For these reasons, ultrasonic processing is favoured
as a fast, clean, cheap and efficient route. It does
not require the use of expensive precursors or equip-
ments and time-consuming processing like the chemi-
cal coprecipitation.

The results make it clear that grain size distribution
and surface species of the starting powder are the key
factors for the production of high performance silicon
nitride, but a strict control of the powder treatments and
the design of sintering aid systems remain as requisites.
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