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Abstract: The mechanical properties of green compacts in the coated powders 
system of silicon nitride coated with alumina have been systematically investi- 
gated from the point of view of bend strength, strength distribution, green com- 
pact formation pressure and densities. More generally, factors contributing to 
the commonly observed significantly high green compact strength with coated 
powders are considered on the basis of the microstructural behaviour of the 
coating layer nano-dimension particles and the particle contact mechanics. 

1 INTRODUCTION 

A new development in the processing of engineering 
ceramics is termed ‘powder coating’.‘-4 Powder 
coating can be accomplished by sol-gel and in-situ 
solution precipitation processes. The benefit of 
powder coating can be seen in general, as 
expected, in the homogeneous distribution of the 
sintering additive on particle size scale, fast 
densification and improvement of homogeneity of 
the sintered materials.‘,2 Apart from these, another 
distinctive feature for coated powders is the 
reported high green compact strength as for example 
ZrO,-coated Al2O3, -15 MPa, and Si,N, coated 
with Mg-Al oxide, -27 MPa.2 From the industrial 
point of view, it is of great importance to obtain high 
green compact strength, and hence a systematic 
characterisation of the green compact strength in 
using coated powder is desirable. In this study, the 
mechanical properties of S&N4 powder coated 
with AllO3 by the in-situ precipitation process are 
systematically investigated in terms of green compact 
strength, Weibull modulus, and coated powder 
particle morphology change upon compacting. 

2 EXPERIMENTAL 

Silicon nitride powder (S&N,) (LC12N, H. C. 
Starck, Germany) is coated with different levels of 
Al,O, by the following process. Aluminium iso- 
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propoxide (Al[OCH(CH,),],) (BDH Chemicals, 
Poole, UK) is dissolved in iso-propanol with a 
concentration of aluminium-iso-propoxide : iso-prop- 
anol of 1: 20 g cmm3, and the Si,N, powder added 
to the solution. In order to improve the dispersion 
of the Si,N, powder, and the alkoxide adsorption 
on S&N, particle surfaces, the slurry is ball milled 
for 24 h and then transferred to a flask under 
flowing nitrogen for controlled hydrolysis. A molar 
ratio of the total water to alkoxide of 20: 1 is chosen 
to ensure complete hydrolysis of the alkoxide by 
deionised water diluted by iso-propanol to give a 
water concentration of 33% (by volume). Water is 
added to the slurry at 75°C using dropwise addition 
(3 cm3 min-‘) with vigorous magnetic stirring. On 
completion of hydrolysis, the slurry is dried under 
infrared radiation at 50°C and then at 120°C for 2 h 
to obtain a powder. For comparison purposes, 
the pure aluminium hydroxide coating phase is 
obtained by hydrolysis of aluminium iso-propoxide 
under identical conditions without addition of Si,N, 
powder. 

The coated powders are isostatically compacted 
through a range of pressures from 50 MPa to 400 
MPa to obtain green bodies for strength measure- 
ments. The strength of the green body is determined 
by a standard four-point bending test with outer 
and inner span of 18 mm and 6 mm, as well as by 
diametral compression.5 The diametral strength was 
obtained by compression of a disc on a diameter. 
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Fig. 1. TEM micrographs of (a) as-received and (b) hydrated 
aluminium oxide-coated S&N, powders (15wt% A&O,). 

The strength a, was calculated according to: 

a, = 2Pl(7i-DT) (1) 

where P is the load at fracture and D and T are 
the specimen diameter and thickness. 

The strength distribution function is calculated 
according to the two-parameter Weibull function? 

Pf = 1 - exp[-(a/OO)“] (2) 

where 0 is the strength, a, is the characteristic 
strength, Pf is the failure probability, and m is the 
Weibull modulus. For a group of specimens N, P, 
is calculated by the median ranking method,7 

Pf = (i - 0.3)l(N + 0.4) (3) 

The diametral compression green body samples 
of 8 mm diameter and 3 mm thickness are prepared 
by uniaxially pressing powder at 50 MPa, and then 
isostatically pressing the cylinder to the desired 
pressure in a sealed plastic envelope. Samples of 
compacted powder for four-point bend strength 
testing are obtained by direct isostatic pressing of 
powder in a rubber mould, and then cutting into 
30 X 6 X 6 mm3 bars. Surfaces are ground with 
1200 grade silicon carbide paper, and the edge left 
unbevelled. All strength measurements are carried 
out using an Instron Universal Testing Machine 
(Type 115 UK) with a cross-head speed of 0.1 mm 
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Fig. 2. Four-point bend strength at a constant solid volume 
fraction, C$ = 0.62, as a function of coating amount. 

min-‘. Powder morphology is observed by trans- 
mission electron microscopy (TEM) (Jeol-JEM 
200CX) with a standard powder doping process 
on copper grid. In the case of compacted powder, 
the compacted powders are ground to observe the 
coating layer change upon pressing. 

3 RESULTS 

Figure 1 shows the general morphology of the 
as-received S&N, powder and 15wt% Al,O,-coated 
powders. Clearly Si,N, particles with a particle size 
of -500 nm are clad by the hydrolysed needle- 
like aluminium hydrate. Four-point bend strength at 
a relative density (4) of 0.62 is shown as a function 
of coating amount in Fig. 2. The strength increases 
with increasing coating and reaches a plateau, cor- 
responding approximately to the strength of the 
pure coating phase, at a level of -25%. The 
Weibull distribution of diametral strength for 
different coating levels is shown in Fig. 3. The Weibull 
modulus has a maximum value at a coating level 
of 5%. Strength as a function of solid volume 
fraction, 4, for 25% coated powder is shown in 
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Fig. 3. Weibull distribution of diametral strength of powders 
with varying amounts of coating at a constant solid volume 

fraction I#J = 0.55. 
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Fig. 4. Four-point bend strength as a function of solid Fig. 7. Diametral strength as a function of calcination 
volume fraction, 4 (25wt% coatings). temperature (25wt% coatings). 

m paction have been examined. If the powder is 
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i/ 
compacted and calcined, the strength increases 

Ob with increasing calcining temperature up to 
500 1300°C and falls at 1400°C. In reverse, the strength 

compaction pressure I MPa decreases continuously with increasing calcination 

Fig. 5. Four-point bend strength as a function of compaction temperature. The morphological change after 
pressure (25wt% coatings). compaction at 400 MPa of 15% coated powder is 

shown in Fig. 8. On compaction, the open structure 
of the coating layer collapses to a more dense layer. 

t 1 
4 DISCUSSION 
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Fig. 6. Four-point bend strength as a function of pore 
fraction. (1+)(25wt% coatings). 

Fig. 4. Figure 5 similarly shows strength as a func- 
tion of isostatic compaction pressure. Strength 
increases markedly with increasing compaction 
pressure within the range O-200 MPa; above 200 
MPa, strength reaches a plateau. The logarithm of 
strength as a function of pore fraction for 25% 
coated powder is plotted in Fig. 6, which can be 
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fitted into a straight line with a correlation coefficient 
0.99 as: 

u = 104 exp(- 6.25 p) (4) 

where u is strength in MPa, and p is pore fraction. 
Diametral strength as a function of calcining 

temperature is shown in Fig. 7, for which the 
effect of the sequences of calcining and com- 

The low bulk density nature of the coated particles 
has been clearly demonstrated by the compaction 
behaviour of the coated powders.’ This shows two 

Fig. 8. TEM micrograph of S&N, particles coated with 
hydrated aluminium oxide (15% Alz03) and after compacted at 
400 MPa showing the coating layer is compressed as compared . -. . 

wnh rig. I. 
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marked features. The first is the low packing density 
obtained with low (-10 MPa) compaction pres- 
sures. The second is that the compressibility of the 
coating is very high, and at pressures > 100 MPa, 
a significantly high packing density can be 
achieved. With increase of the coating amount up 
to 25% equivalent A&O,, a relative density of 0.70 
can be achieved at a compaction pressure of 200 
MPa. Experimental and theoretical considerations 
show that by mixing small and large spheres with 
a diameter ratio of 1: 20 and mixing fraction of 
1 : 3, the highest relative density reached is 0.86.’ A 
bimodal mixture of lo-nm and lOO-nm silica particles 
has been shown to give a maximum relative density 
of 0.68 at 30 ~01% of fine particles.’ However, in 
reality, ceramic particles are not spherical or 
monosized. It is certain that mixing two graded 
particle size powders is beneficial for a high green 
compact density, and an initially homogeneous 
distribution of the small particles is also desirable. 

The fracture mechanism of a green body has 
been developed by Rumf, based on the various 
mechanisms of particle adhesion such as van der 
Waals force, liquid bridges and solid binding.‘O 
Recently, Kendall has modified the model of 
Rumf mainly based on the contacted particle surface 
interaction such as van der Waals attraction.“‘14 
It is hence theoretically concluded that the strength 
of a green compact is proportional to the fourth 
power of compaction fraction (4) and inversely 
proportional to the square root of particle size. 
The aggregate properties of the coating layer may 
account for the high green compact strength seen 
with coated powders. For normal ceramic powders, 
green compact strengths are in the range of 
-1-2 MPa.” The coated powder green compact 
strength initially increases with increasing amount 
of coating and then reaches a plateau value 
approximately that for the pure coating phase. 

From Kendall’s study, green compact strength, 
a, can be expressed as 

u = 15.6 +4 F(dc)-‘” (5) 

where I’ is the particle adhesion energy, d is particle 
size, c is the defect size, and 4 is solid volume 
fraction. As the coating amount increases from 
zero, two factors become relevant: first, the 
change of particle adhesion energy from that of 
pure S&N, to that of the S&N,-coating layer; sec- 
ondly, the very fine coating layer particles effectively 
reduce the particle size of the system. These factors 
may contribute to the high green compact strengths 
seen with coated powder. Estimates of compact 
strength may be made using I? = 0.5 J me2 (typical 
of ceramic powders),16 c as the maximum particle 
size of S&N,, 500 nm, for pure S&N, d is 100 nm 

(from BET), for 25% coated powder d is 10 nm 
(from BET) and with a solid volume fraction 4 = 
0.62, from eqn (5), the strengths of pure Si,N, and 
25% coated S&N, should be 5 MPa and 16 MPa. 
This is consistent with the experimental values. 
With increasing amount of coating, the powder 
progressively behaves more like a pure coating 
layer material, and up to a certain extent the pow- 
der properties are mainly governed by the coating 
layer. A saturation coating level of 30% by volume 
is indicated. In theory, the saturation value could 
be considered as the S&N, particles arranged in a 
hexagonal closest packing with a filling fraction of 
74% and the remaining pores filled by coating 
layer materials. 

The mechanical difference between a green body 
and a sintered one is mainly determined by the 
fracture energy. For a sintered body, the fracture 
energy is determined by a variety of factors such 
as bonding fracture. For a green body it is mainly 
controlled by the particle interactions on the 
molecular scale, such as van der Waals forces,12 
and the fracture energy or particle adhesion 
energy is only l/30 of that of sintered body (for 
S&N,, fracture energy is 20-30 J m-*).17 At this 
point, the particle adhesion energy becomes the 
limiting factor for the improvement of green body 
strength. The maximum green compact strength 
can be obtained from eqn (4) by extrapolating to 
zero porosity, and calculated theoretically from 
eqn (5) with d = 10 nm, c = 500 nm, I = 0.5 J me2 
and 4 = 1, which both give a strength of -100 
MPa. This means that the strength of even a green 
compact with zero fraction of porosity is still far 
lower than that of a partially sintered body such 
as reaction-bonded silicon nitride (RBSN).‘* 

The transition from particle adhesion in the 
green state to particle bonding in the sintered or 
partially sintered body is represented by the cal- 
cining process. The effect of calcination on green 
compact strength is distinguished by the sequence 
of compaction and calcination. If powder is first 
calcined and then compacted, the strength decreases 
with increasing calcining temperature. But in the 
reverse case, calcination is likely to cause particle 
bonding and the strength increases with increasing 
calcination temperature up to 1300°C. 

The Weibull modulus is a reflection of the flaw 
size distribution in a material;” the narrower the 
flaw size distribution, the larger the Weibull modulus. 
Generally, ceramic green bodies have a Weibull 
modulus of -7,15 as for pure S&N, in this work, 
but with powder coating the Weibull modulus 
becomes 9 for 5% coating. It is clear that the 
coated powder green compact is more homo- 
geneous than the uncoated one. 
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5 CONCLUSIONS 

Significantly high green compact strength is 
attainable with coated powders. The strength 
increases with increasing coating content and 
reaches a saturation value which approximately 
corresponds to that of the pure coating materials. 
The most probable reasons for the high green 
strengths are the finer particle size of the coating 
layer material, and the relatively high compaction 
density, in accordance with Kendall’s model. Extra- 
polated experimentally and estimated theoretically, 
the maximum green compact strength should be 
-100 MPa. These features seem likely to be common 
to all similarly coated powders.2,20.2’ With com- 
paction and calcination of the green body, the 
strength increases because of bonding of the 
aggregated particles. The coating is thus a very 
effective ‘low loss’ binder, with minimal loss of 
material during heating to sintering temperature. 
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