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Powder Processing for the Fabrication of Si;N, Ceramics: I,
Influence of Spray-Dried Granule Strength on

Pore Size Distribution in Green Compacts

Hidehiro Kamiya,*' Kenji Isomura, and Genji Jimbo

Department of Chemical Engineering, Nagoya University, Nagoya 464-01, Japan

The effect of spray-dried granule strength on the micro-
structure of green compacts obtained by isostatic pressing
was quantitatively analyzed. The fracture strength of single
granules of Si,N, powder made with ultrafine AL,O; and
Y,0; powders was measured directly by diametral com-
pression. It was found that fracture strength increased
notably with the increasing relative density of the granule
and the decreasing size of agglomerates in suspension
before spray-drying. Even when green bodies were pre-
pared at an isostatic pressure of 200 MPa, intergranular
pores, which negatively affected densification of the sintered
bodies, occurred between unfractured granules. The vol-
ume and size of these pores in the green compacts increased
with the increasing fracture strength of the granules. In the
case of closely packed granules, an isostatic pressure of 800
MPa was required to completely collapse the intergranular
pores. A simple equation was derived to calculate the iso-
static pressure necessary for complete collapse of intergran-
ular pores in the green compacts, and it was determined
that granule strength must be kept as low as possible to
obtain uniform green compacts.

I. Introduction

owbDERs smaller than 1 pum in diameter hold promise as raw

materials for the fabrication of advanced ceramics. The
strong and open agglomeration of these fine powders, however,
deters the close and uniform packing of the resulting com-
pacts. The effects of granule strength,' adsorbed moisture'? in
the granule, and the concentration of an admixed organic
plasticizer’/binder'~” on green density and the pressure—density
curve have been investigated for the dry pressing of spray-dried
granules. In those studies, compacts pressed from softer gran-
ules exhibited higher density, with more complete joining, and
higher strength after drying. In addition, the binder acted as a
lubricant, assisting particle sliding at a higher formation pres-
sure. Few researchers, however, have investigated the effect of
agglomeration in the powder suspension’ on the microstruc-
tures of the green compact and the granule before spray drying.
Slip casting and colloidal forming techniques®® have focused
more attention on agglomeration in suspension, and the inter-
relationships between powder characteristics and green com-
pact microstructure and sintering behavior have been discussed.
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Uematsu et al > observed intergranular pores between
unfractured spray-dried granules by a liquid immersion tech-
nique, even in green bodies prepared at 600 MPa. Adjusting the
strength and microstructure of spray-dried granules thus
becomes an important issue for achieving high reliability and
high strength in ceramics. Furthermore, the effects of agglom-
eration in suspension on the green compact and the spray-dried
granular microstructure of non-oxide ceramics™> have not
been systematically evaluated.

For the present study, the size of the agglomerates in suspen-
sion and the strength and microstructure of the spray-dried
granules of Si;N, powders were varied by changing the
amounts of organic dispersants. The fracture strength of a sin-
gle granule was measured directly by diametral compression.
The microstructures of the granules and the green compacts
were investigated by mercury porosimetry. Correlations
between the strength of the granules and the green microstruc-
ture (both inter- and intragranular pores) were analyzed quanti-
tatively, and the optimum powder-processing conditions for
obtaining uniform green compacts of Si;N, powders with small
and narrow porosity are discussed in this paper.

II. Experimental Procedure

(1) Preparation of Spray-Dried Granules

Fine powders of Si;N, produced by the thermal decomposi-
tion of silicon imide (SN-E10, Ube Industries, Yamaguchi,
Japan) were mixed and dispersed in water with 3 and 5 wt%
ultrafine y-Al,O, and Y,0, powders by ball milling for 96 h.
The properties of the powders are shown in Table 1. Ultrafine
powders of Al,0, and Y,0; have larger specific areas than does
Si,N, powder. The size distributions of the powder agglomer-
ates in suspension were varied by changing the amounts of
maleic anhydride polymer (AKMO0531, Nippon Oil and Fats,
Tokyo, Japan) used as a water-soluble dispersant (concentration
(Cp) = 0, 1,2, and 4 wt%). The samples then were character-
ized by light scattering and diffraction (Cilas Granulometer
HR850, Cilas, France). Figure 1 shows the structure of the
maleic anhydride polymer. When the molecular weight of this
polymer is less than 20000 to ~30000 (k < 100), the chain
cross-links with other molecules during the heating phase of
spray drying, and the polymer behaves as a binder within the
spray-dried granules. The properties of the polymer as a binder
were hindered in the present work, however, by its long-chain
structure (k > 1000).

The viscosity of each suspension was determined with a con-
centric cylinder viscometer at a shear rate of 1s~'. After the
powders had been mixed for 96 h, they were spray dried
(CL-8, Ohkawara Kakohki, Yokohama, Japan) at 170°C. In the
samples with no dispersants (C, = 0 wt%), water (about
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Table I. Powder Properties of Raw Materials
Raw material Si;N, ALO, Y,0,
True density, p; (g/cm?) 3.20 3.67 5.03
{-potential, pH ~7 (mV) =1 0)2) 11.0 21.2
Sw (m*/g) 11.0 151 24.8
dy (nm) 170 10.8 48.1
CHs C, = 3 wt%. The size distributions of the powder agglomerates
(l: ~CHz- CH - CH in suspension are shown in Fig. 2. The minimum mean diameter
g I of the agglomerates was exhibited at C,, = 2 wt% for C, =
IO 5 wt% and at Cp, = 1 wt% for C,, = 3 wt%. The minimum vis-
CH: o" 0" "o cosity and size of agglomerates in suspension appeared at the
same dispersant concentration. Excess dispersant increased the
O(CHz-CHz-O)nR viscosity and promoted powder agglomeration. The minimum
N b/ prom DO gglom
o k agglomerate viscosity and size were achieved when the amount
1 (Tt of dispersant was increased with an increasing concentration of
the ultrafine sintering aids. The large surface area of the
Fig. 1. Schematic of maleic anhydride polymer segment. ultrafine powders caused most of the dispersant to be adsorbed

0.0006 m?/0.00/m?* suspension) was added to decrease the vis-
cosity of the suspension before spray drying.

(2) Characterization of the Granules

The tensile strength (o) of a single granule was measured
using a commercial testing machine (MCTE-200, Shimadzu,
Kyoto, Japan). Each single, spherical granule was tested
between parallel platens with polished surfaces and crushed
alone in diametral compression at a loading rate of 0.01 g/min.
The specimen then was put on the polished plate of an ultrahard
metal and uniaxially compressed by the circular plate of a dia-
mond 50 pm in diameter. The relationship between load and
displacement during loading was determined. The size distribu-
tion of the granules was characterized by light scattering and
diffraction (Cilas Granulometer) and by image processing
through a scanning electron microscope. The measurements by
the two methods were in near agreement. The microstructures
of the granules were observed by scanning electron microscopy
(SEM). The pore size distribution and porosity ratio of the gran-
ules were measured by mercury porosimetry (Poresizer 9310,
Micromeritics, Norcross, GA). The size distribution of the
granules was characterized by light scattering without ultra-
sonic dispersion.

(3) Preparation and Characterization of Green Compact

The granules were packed into a cylindrical cell 2cm in
diameter and uniaxially pressed at 10 MPa for 3 min. The com-
pacts then were consolidated by cold isostatic pressing in the
range from 20 to 800 MPa (MCT-100, Mitsubishi Heavy Indus-
tries, Tokyo, Japan). The green density was determined from
the specimen weight and dimensions. The compact pore size
distribution was measured by mercury porosimetry.

III. Results

(1) Characterization of Suspension
The viscosities of the suspensions after 96 h of mixing are
shown in Table II. The minimum viscosity of the suspensions

occurred at a dispersant concentration, Cp,, of 2 wt% for a sin-
tering aid concentration, C,, of 5 wt%, and at C, = 1 wt% for

onto the surfaces of the sintering aids.

(2) Structure and Strength of Spray-Dried Granules

The size distribution of the spray-dried granules was similar
in all cases (Fig. 3). The mean diameter of the granules was
about 45 pum. The pore size distributions in packed beds of
granules before uniaxial or isostatic pressing are shown in
Figs. 4(A) and (B). A bimodal pore size distribution was
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Fig. 2. Size distribution for agglomerates in suspension after 96 h

milling. Concentration of sintering additives (C,, ultrafine Al,O, and
Y,0, powders) were (A) 5 wt% and (B) 3 wt%.

Properties of Suspension after 96 h Mixing

ALO, = 5,Y,0, = 5

ALO, = 3,Y,0, = 3

Table II.
C,. (Wt%)
Cp (Wt%) 0 1
Viscosity (cp)* 329 18.6
Sw (m*/g) 16.3 19.0

%
17.8
26.2

4 1 2 &)
353 19.5 334 41.7
26.3 21.7 D083 23.6

*cp = 1077 Pa-s.
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Fig. 3. Size distribution for spray-dried granules.

observed in all cases. The peak at a large pore diameter corre-
sponded to intergranular pores (Dm) and that at a small pore
diameter to interparticle (Dm;) pores. The peak diameter and
volume of the intergranular pores were similar in all cases. The
minimum interparticle mode pore diameter occurred at C, =
2 wt% for C, = 5 wt% and at Cp, = 1 wt% for C, = 3 wt%.
The minimum mean diameter of the agglomerates in suspension
occurred at the same concentration of dispersants (Fig. 2), and
the dependence of the amount of dispersant on the interparticle
mode pore diameter and size distribution of the agglomerates
(Fig. 2) decreased with decreasing amounts of sintering aids.
The relationship between the peak of intragranular pore diame-
ter (Dm,) and the mean diameter (d,) of the powder agglomer-
ates in suspension is shown in Fig. 5. The peak of the
intragranular pore diameter (Dmy) increased in proportion to
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Fig. 5. Relations between mean diameter (d,) of agglomerates in
suspension and peak of interparticle pore diameter (Dm;) in spray-
dried granules.

the mean diameter (d,) of the powder agglomerates in suspen-
sion. Some examples of spray-dried granules are shown in
Fig. 6. A rough surface and porous structure were observed in
the granules at C, = 0 wt%, shown in Fig. 6(A), because of
powder agglomeration in the suspension. For C;, = 2 wt%,
shown in Fig. 6(B), the primary particles were closely packed in
the granules by the capillary force created during spray drying.
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Fig. 4. Pore size distribution in packed beds of spray-dried granules before pressing. Concentration of sintered additives (C,) were (A) 5 wt% and
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Scanning electron microscopic observations corresponded to
the results measured by mercury porosimetry. Accordingly, the
agglomerations in suspension retained the spray-dried granule
structure.

Examples of the relationships between a load, P, and dis-
placement, A, during the diametral compression of a single
granule are shown in Fig. 7. Elastic displacement at the contact
point of the granule, produced by compressive force, P, can be
estimated using Hertz’s equation,

Pl 2d A R (13 (18] )

where dg is the diameter of each granule, and Y and v are
Young’s modulus and Poisson’s ratio, respectively. The experi-
mental results (shown as solid curves) approximated those
calculated by Eq. (1) (broken curve) at a relatively low com-
pressive force. When the displacement exceeded a yield point,
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its value surpassed that on the estimated curve. If the granule
was fractured at the maximum load, P;, displacement rapidly
increased. For failure in tension along the diameter, the fracture
tensile stress, o, of the granule was dependent on the load at
fracture, P;, and the diameter of the granule, d;. Fracture stress
was calculated from the equation

or = 2.8P/(md2) 2)

as derived by Hiramatsu and Oka?” for the strength of a brittle,
spherically shaped specimen tested in diametral compression.
This equation gives the maximum tensile stress on the center
axis of a spherical specimen between contact points. The point
of maximum tensile stress is located on the inside, at a depth
equal to about one-half the radius of the contact surface.
Accordingly, if local plastic deformation occurred at a contact
point and one-half the width of the contact surface increased to

6.0 um

(B)

1.0 um

Fig. 6. SEM observations for spray-dried granules (C, = 5 wt%). Concentrations of water-soluble maleic anhydride dispersant were (A) 0 wt% and

(B) 2 Wtd%.
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Fig. 8. Distributions of tensile fracture strength for spray-dried granules. Concentrations of sintered additives (C,) were (A) 5 wt% and (B) 3 wt%.
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10% of the spherical body radius,” the maximum tensile stress
would be nearly constant and could be calculated by Eq. (2).
The maximum displacement at a contact point is about 0.5 pm
in Fig. 7, and the calculated value for one-half the width of the
contact surface is less than 10% of the granule radius. A brittle
failure in tension along the diameter was observed by optical
microscopy after the diametral compression test. Accordingly,
the fracture stress of the granules could be calculated by Eq. (2).

The fracture strength was analyzed using the Weibull
distribution,

Inln [1/(1 — Q)] = mg In (0/0¢) 3)

where m, is the Weibull modulus, o the tensile strength of the
granules, and o a normalizing constant. The plot of the left
side of Eq. (3) vs o is shown in Fig. 8(A) for C, = 5 wt% and
in Fig. 8(B) for C, = 3 wt%. In the case of C, = 5 wt%
(Fig. 8(A)), the mean strength of C, = 1 wt% was decreased by
the addition of dispersant and was smaller than that of C, =
0 wt%. The mean strength of C, = 2 or 4 wt%, however, was
two or three times larger than that of C;, = 0 or 1 wt%. The
strength distribution of the granules was a complex function of
the amount of polymeric dispersants. In the case of C, =
3 wt% (Fig. 8(B)), the mean strength of the granules increased
with increasing amounts of polymeric dispersant. The strength
distribution of Cp, = 2 or 4 wt% nearly agreed with that of the
different concentration of sintering additives (C, = 5 wt%).
The Weibull modulus of granule strength in the present study
(mg = 3 to ~6.5) nearly agreed with that of spherical alumino-
silicate agglomerates® (0.95 to ~1.8 mm in diameter) granu-
lated in a high-intensity mixer with the addition of water and a
starch binder.

(3) Consolidation Behavior of Green Compacts under
Isostatic Pressing

The relative density of the green bodies, pg/pr, increased in
proportion to the logarithm of isostatic pressure** (Fig. 9). The
slopes of these relationships were similar for all samples. Omis-
sion of the dispersant caused a relatively low green density in
the region of low isostatic pressure. The surface roughness
(Fig. 6(A)) and porous structure of the granules hindered densi-
fication of the green bodies. The green density of each sample,
however, remained the same after isostatic pressing at high
pressure (pc = 800 MPa). High cold isostatic pressure elimi-
nated the effect of granular structure on green density.
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Fig.9. Relations between green relative density and isostatic
pressure.
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Consolidation behavior also was examined, by measuring
changes in the pore size distribution after isostatic pressing
(Fig. 10). Figure 10 shows the results for C, = 2 wt% and
C, = 5 wt%. A bimodal pore size distribution was observed
except for p. = 800 MPa. The intergranular pore volume and
mode pore diameter (the peak at larger pore diameter)
decreased rapidly with increasing isostatic pressure. The intra-
granular mode pore diameter (the peak at smaller pore diame-
ter), however, held nearly constant in the range of p. < 200
MPa and decreased notably with pressing at 800 MPa. High iso-
static pressure affected the collapse of the agglomerate structure
in hard, spray-dried granules of fine powders.**?** Other concen-
trations of polymeric dispersants, or sintering aids, revealed lit-
tle change in the intragranular pore size in the range p. = 200
MPa.

When each compact was consolidated under the same iso-
static pressure, the intergranular mode pore size (Dmg) and vol-
ume (V) increased with increasing granule strength (Fig. 11).
The larger pore diameter peak (intergranular pore) of the high-
strength granules (C, = 4 wt%) was about 500 nm, 2.5 times
larger than that of the low-strength granules (Cp, = 1 wt%).
Pore size distribution in the green compacts depended on the
strength of the granules.

IV. Discussion

(1) Analysis of Granule Strength

Possible mechanisms for increased granule strength through
the addition of a polymeric dispersant are (1) the increased
force (H,) required to break each bond between particles, where
the dispersant acts as a binder, and (2) the increased number of
touching particles around each particle (k), causing the dis-
persed particles to form granules with a closely packed struc-
ture. The mean tensile strength (1) of a granule or a green body
consisting of randomly packed spheres of uniform size was
shown by Rumpf™ to be

or = k(1 — g)Hp/wd} 4

where €, is the volume fraction of pores in the granule and dj
the estimated primary particle diameter of Si,N, from a specific
surface area. k is a function of €,, and several relationships have
been derived between k and €,, predicting an €, value between
0.26 and 0.7. The simplest mathematical relation is given by
Rumpf:*

k = m/e, &)

€, was calculated from the pore size distribution in packed beds
of granules (Fig. 4). The inter- and intragranular pore volume
could be divided by these distributions. The intergranular pore
volume (V;;) could be calculated by the total volume in the
region of Dm > 400 nm, which appeared to be the minimum
frequency of pore volume. The €, values were estimated by the
equation

g = (1 — po/pr — pcVa)/(1 — pVs) 6)

where pg and p; are the green density and true powder density.
g, can be used to calculate, from Egs. (4) and (5), the force (H,)
required to break each bond between primary particles. Thus,

Hp, = o.8,d2/(1 — &) @)

€, and H,, as estimated by Egs. (6) and (7), are shown in Fig. 12
for dy = 0.17 um. Both factors decreased notably with the
addition of polymeric dispersants (from C, = 0 wt% to Cp, =
1 wt%). Because the small amount of dispersants (Cp, = 1 wt%,
C, = 5 wt%) decreased the adhesive force between particles
and acted as a lubricant, the mean fracture strength of the gran-
ules decreased in the face of the decreased granular porosity.
For Cp, = 2 wt%, the estimated adhesive force had nearly the
same value, with C, = 0 wt%. The mechanisms for increasing
granular strength can be explained by the increased number of
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touching particles around each particle (k). The closely packed
structure of the granules, resulting from the fine dispersion of
the agglomeration in suspension, caused the increase in granu-
lar strength.

The excess addition (from C, = 4 wt%) of dispersants, how-
ever, increased both H;, and €,. The excess addition of disper-
sants caused the chain to cross-link with other molecules during
the heating phase of spray drying, and the polymer then
behaved as a binder within the spray-dried granules. The mean
diameter of the agglomerates in suspension increased with the
excess dispersants (from Cp, = 2wt% to C, = 4 wt%, in
Fig. 2). This fact suggests that a looser packing structure is
formed in the granules by an agglomeration in suspension. The
main mechanism for increasing granular strength in the face of
increasing granular porosity is the notable increase of adhesive
force at the contact points between particles because of excess
dispersants. The complex dependence of the amount of disper-
sant on granular strength can be explained by changes in the
adhesive force between particles and the packing structure in
the granules.

(2) Effect of Strength on Green Microstructure

The pore size distribution in green compacts depends on the
strength of the granules (Fig. 11). Relationships between green
body microstructure and granular strength are analyzed quanti-
tatively in the present study. The interparticle pore size distribu-
tion can be fitted by Gauss’s equation (Fig. 13).

v =k, exp[(D — Dmg)/k] ®)

Here, k, and k, relate the height of the peak and the width of dis-
tribution, respectively. The remaining intergranular volume
(V) in the compacts corresponds to the total volume outside the
fitted curve. The intragranular porosity (€,) is calculated from
Eq. (6), and the intergranular porosity (€5) from the following
equation:

®

The intergranular porosity (€5) of each sample decreased in
proportion to the logarithm of isostatic pressure, but the intra-
granular porosity (g;) held nearly constant in the region p. <
800 MPa (Fig. 14). The intergranular porosity of C, = 1 wt%
was smaller than that of C, = 2 or 4 wt%, and complete col-
lapse may have occurred at 300 to ~400 MPa. On the other
hand, g for C;, = 2 or 4 wt% in green compacts in the region of
pe < 800 MPa. High isostatic pressure permitted the complete
collapse of intergranular pores. Because intergranular pores
have a negative effect on the densification of green compacts
during sintering and on the bending strength distributions of the
sintered bodies,® intergranular pores must collapse completely
to produce highly reliable, high-strength ceramics. The granule
strength must be designed to be as low as possible.

Because of the pseudobrittle fracture of spray-dried granules
(Fig. 7), the mean diameter of the granules (d;) in green com-
pacts decreased during isostatic pressing, and the mean force

€6 = pcVs
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(P) at the contact points between granules was related to the
isostatic pressure according to the equation®’

P = pcdies/(1 — &) (10)

The contact force decreased with the decreasing mean diameter
of the granules, and the value was related to the strength of the
granules by the equation

P = Kwd}o, (11)

In the case of diametral compression between plates, the con-
stant value of K was 1/2.8 (=0.357), which was used in Eq. (2).
The value of K was, however, assumed to be larger than 0.357
and the complex function of dg, €5, and other parameters,
because the granules in the compact were pressed under differ-
ent conditions. Substituting Eq. (11) into Eq. (10), and rearrang-
ing, gives the relationship between the intergranular porosity
rate and the strength of the granules, o, according to the fol-
lowing equation and Fig. 15.

porosity ratio (€,) and isostatic pressure. Concentration of sintering
additives (C,) was 5 wt%.

The relationship between €5/(1 — &) and (o/pc) can be rep-
resented by

es/(1 — &) = 0.57m(0/pc)"? (13)

The slope decreases to 1/2. In the region of o/pc < 0.05, in
which range pressure is relatively high or granular strength low,
and for which only one data point existed in the present study,
the slope tends to increase to 1. Since high-strength granules
cannot be collapsed at a relatively low isostatic pressure, the
granules rearrange in the compacts. The slope in Fig. 15 thus
decreased through the rearrangement of granules. At high iso-
static pressure, because the rearrangement of granules in the
compacts is complete and the main densification mechanism
was collapse of the granules, Eq. (12) will be satisfied. If the
granular strength is measured, this equation can determine the
isostatic pressure that will completely collapse the intergranular
porosity in green compacts.

The excessive amount of finely dispersed agglomerates in
suspension caused increased fracture strength in the spray-dried

e/(1 — &5) = Kw(o/pe) (12) granules and presented a wide range of large intergranular pores
1 '0 L] L T I T L] L) T T T L] l 1) T T
0.8} — experiment Cpo=5wWt% g
-------- curve fitting 200MPa Cp =4wt%
100MPa
S 0.6 =
Lo 800MPa
5 Eq ©
s inter-particle pore)
> 04 (pc = 100, 200MPa) =
0.2k |
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Fig. 13. Examples of analysis for pore size distribution in compacts.
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in the green compacts. The fracture strength of the spray-dried
granules must be kept as low as possible, and the dispersion of
agglomerates in suspension carefully controlled, to achieve uni-
form green compacts of Si;N, powders with small and narrow
pores.

V. Conclusions

The size of agglomerates in Si;N, powders with 3 or 5 wt%
of Al,0, and Y,0O; ultrafine powders used as sintering aids was
controlled by adding various amounts of a water-soluble poly-
meric dispersant. The effect of agglomerates in suspension on
the microstructure of spray-dried granules and green compacts
after isostatic pressing was discussed in this paper. The follow-
ing conclusions can be made from the present results.

(1) An optimum concentration (Cp) of dispersant for
obtaining a fine dispersion of agglomerates in suspension does
exist. In the case of the maleic anhydride polymer used in this
study, the optimum concentration was about 2 wt% with 5 wt%
of sintering aids and 1wt% with 3 wt% of sintering aids.
Closely packed granules were prepared from the suspensions
with finely dispersed agglomerates.

(2) The fracture strength of a single granule was measured
directly by diametral compression testing. The fracture strength
of each closely packed granule increased notably. The mecha-
nisms for increasing granular strength include both the closely
packed structure of the granules caused by the fine dispersion of
agglomerates in suspension and the increased adhesive force at
the contact points caused by excess dispersant.

(3) Even at the relatively high isostatic pressure (p. = 200
MPa) used in the present study, intergranular pores present
between unfractured granules in the green compacts had a
negative effect on the densification of the sintered bodies. The
intergranular pore volume and size increased with increasing
fracture strength of the granules. Closely packed and high-
strength granules required an isostatic pressure of 800 MPa to
completely collapse and deform the intergranular pores.

(4) The isostatic pressure necessary to completely collapse
the intergranular pores in green compacts could be estimated by
Eq. (13). The strength of spray-dried granules must be as low as
possible to obtain uniform green compacts of Si;N, powders
with small and narrow pores.
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