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ABSTRACT

In the last (fourth) section, the discussion will entail a silicon-nitride/silicon-carbide nanocomposite, produced by pyrolysis of

liquid polymer precursors, demonstrating one of the lowest creep rates reported so far in ceramics at the comparable tempera-

ture of 1400oC. This was first achieved by avoiding the oxynitride glass phase at the intergrain boundaries. One important factor

in the processing of these nanocomposites was the use of the electrical field assisted sintering method.
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1. Polymer Precursor Derived Si
3
N

4
/SiC

 formation of a nano-nano structure (nano-sized SiC

and Si
3
N

4
 in dual-phase mixture) by a novel synthesis

method1) resulted in an exceptional creep resistance of the

material.2) Starting from an amorphous Si-C-N powder

derived from the pyrolysis of a liquid polymer precursor,

nanocrystalline silicon nitride/silicon carbide ceramic com-

posites with a grain size of 30~50 nm were synthesized

without using sintering additive as shown in Fig. 1. 

The grain size distribution in such nanocomposites was

fairly narrow. EELS analysis was conducted to examine the

elemental distribution of the nano-nano composites. For the

composite sintered without additive in Fig. 1, the EELS

mapping of Si, C, N and O is shown in Fig. 2.

It is quite clear that the two phases in this material, Si
3
N

4

and SiC were randomly mixed with roughly equal grain

size. The most important information from these maps is

that, oxygen, which is the main element responsible for

forming glassy grain boundary phases in the absence of

A

Fig. 1. Transmission electron microscopy (TEM) observations
of nanocomposites of Si

3
N

4
-SiC sintered without addi-

tive at 1600oC for 30 min, nano-nano structure. (From
Ref. [2])

Fig. 2. Electron energy loss spectroscopy (EELS) analysis of
the component elements in the Si

3
N

4
-SiC nanocompos-

ite sintered at 1600oC for 30 min without additive.
(From Ref. [2])
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metal oxide sintering additives, was found to exist at almost

all the intergranular regions, including triple junction pock-

ets and dual-grain boundaries. This is an explicit indication

that the oxygen that originally exists mainly at the particle-

surface of the starting amorphous powder (in the form of

either silica or silicon oxynitride) has diffused into the inte-

rior of the particles during sintering, and is distributed

along the grain boundaries. 

High-resolution transmission electron microscopy (HRTEM)

of the grain boundary regions of the synthesized material

revealed that a prominent population of grain boundaries

do not have an apparent amorphous layer (as the example

in Fig. 3(a) demonstrates), although EELS reveals that oxy-

gen exists at almost all grain boundary regions as shown in

Fig. 2. Some of the dual-grain junctions (grain boundaries)

do contain an amorphous layer as shown in Fig. 3(b). 

In this particular example, the thickness of amorphous

layer is about 1 nm, in accordance with the glassy layer

thickness in silicon nitride that contains silica as the only

oxide species. It seems that the oxygen elements are not

homogeneously distributed in grain boundary regions, some

grain boundaries having more oxygen and some others hav-

ing less. As in microcrystalline silicon nitride or silicon car-

bide, most of the glassy grain boundary phase exists at

multi-grain junctions. 

The comparison between the creep property of nano-nano

composites and that of microcrystalline silicon nitride

ceramics from literature data is given in Fig. 4. 

The data can be divided into four groups. The first group is

composed of conventional silicon nitride ceramics (including

silicon nitride/silicon carbide microcrystalline composites)

with a high level of additive (various additives are used by dif-

ferent researchers, as indicated in the legend of this plot,3-14)

most were sintered by hot-pressing. This group has the low-

est creep resistance of the silicon nitride ceramics. For exam-

ple, the steady state creep rate at the reference test condition

1400oC /100 MPa ranges from about 3×10-8 to 3×10-6 s-1.

Using high purity silicon nitride powder, incorporation of

less additive (e.g., less than 4 wt% Y
2
O

3
), and applying hot-

isostatic pressing or gas pressure sintering generates silicon

nitride ceramics of higher creep property, which are included

in the group of new generation ceramics with reduced addi-

tive. These ceramics show secondary creep rate of about

1×10-9 to 3×10-8 s-1, roughly two or three orders of magni-

tude lower than ceramics in the first group. The micro-nano

composites have similar levels of additives as conventional

ceramics but exhibit higher creep resistance. However, their

creep rate is faster than that of ceramics with reduced addi-

tive. The nano-nano composites demonstrate the highest

creep resistance of all, as shown in Fig. 4. At the reference

testing condition of 1400oC/100 MPa, the steady-state creep

rate of the nanocomposite sintered with 1 wt% Y
2
O

3
 is about

1.67×10-10 s-1, while the nanocomposite sintered without

additive shows a creep rate as low as 6.3×10-11 s-1 at 50 MPa

stress. At this creep rate, most creep testing equipment is at

the limit of transducer resolution. 

The steady state creep deformation of crystalline materi-

Fig. 3. High-resolution transmission electron microscopy
(HRTEM) analysis of the grain boundary of the nano-
nano composite (no additive, 1600oC/30 min sintered).
(a) Glass-free grain boundary, (b) Grain boundary con-
taining glassy layer. (From Ref. [2])

Fig. 4. Comparison of the compression creep property of
nanocomposites with those of existing silicon nitride
ceramics (additive in weight percentage unless speci-
fied, molecular formula simplified for clarity. For
instance, “6YO” in figure legend stands for “6 wt%
Y

2
O

3
”). (From Ref. [3-14])
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als can usually be described phenomenologically by the fol-

lowing equation:

  

in which  is the strain-rate, A is a constant, σ the applied

stress, n the stress exponent, d the grain size, p the grain-

size dependence coefficient, Q the activation energy, R the

gas constant and T the absolute temperature. Experimen-

tally acquired creep data are usually compared with the

established theoretical models for their n, p and Q value, in

order to determine the creep deformation mechanism. Due

to the widely varied chemistry, microstructure, for compres-

sion creep tests alone (where cavitation does not complicate

issues), the experimentally determined stress exponent n

for various silicon nitride system ceramics can be as low as

<1 to as high as >3; and the activation energy Q can be as

low as 300 kJ/mol to as high as 1200 kJ/mol.14-17) This dis-

crepancy in n and Q values becomes even larger for tensile

data where the strain rate and stress data are affected by

intergranular cavitation. In spite of these discrepancies, it is

generally agreed that the steady-state creep for silicon

nitride (and silicon carbide) with a grain boundary glassy

phase proceeds by a solution-precipitation mechanism

through the amorphous (liquid) grain boundary phase,

which has been modeled by Raj18) and by Wakai.19) Grain-

size dependence p takes a value of about 1-3.20-22) This

means a strong dependence of creep rate on grain size: The

creep rate is supposed to increase at least for 1-3 orders of

magnitude with the grain size decrease from micron size

(500~1000 nm or larger), as in most of the microcrystalline

silicon nitride studies, to nanometer size.22) The extraordi-

nary high creep resistance found in the nanocomposites

strongly suggests a fundamental change in creep mecha-

nism. Another indication that the creep mechanism may be

different in nano-nano composites is the low activation

energy found in these materials. For example, the apparent

activation energy for the 1 wt% Y
2
O

3
 nanocomposite was

determined to be about 205 kJ/mol, significantly lower than

that of microcrystalline silicon nitride.

Due to the strong covalent bonds and high Peierls forces,

which rule out the possibility of dislocation-based creep

mechanisms in silicon nitride and silicon carbide at the test

temperatures of this work, the only alternative to the liquid

phase based mechanisms is solid state diffusion based

mechanisms, including lattice (Nabarro-Herring) diffusion

or grain boundary (Coble) diffusion. 

It can be seen that the measured apparent activation

energy in the nanocomposites is much lower than any value

other than the lattice-diffusion of N or Si in α-Si
3
N

4
. How-

ever, X-ray diffraction revealed that the silicon nitride in

the sintered nanocomposites is β-Si
3
N

4
. Comparison of the

measured activation energy in the nano-nano composites

suggests that the creep is controlled neither by diffusion

processes in silicon carbide nor by the lattice diffusion in β-

Si
3
N

4
. The only option left is the grain boundary diffusion in

β-Si
3
N

4
, for which, unfortunately, there is no established dif-

fusion data. Considering that N is the slower-diffusing spe-

cies in Si
3
N

4
, and that the activation energy for grain

boundary diffusion is lower than that for lattice diffusion, N

diffusion through (oxygen enriched) grain boundaries might

be the controlling mechanism in the creep of the nano-nano

composites. It should be noted that the final grain size in

the nano-nano composites is much smaller than the particle

size of the starting powder. Normally silicon nitride ceram-

ics start with a fine powder (several tens or hundreds of

nanometers), the grain size of the sintered materials is

larger than, or at least close to, the particle size (or crystal-

lite size in case of agglomerated powder) of the starting pow-

der. The oxygen content at grain boundaries, therefore,

would very likely be greater than, or at least close to, the

oxygen content at the particle surfaces. In contrast, the

grain-size of the nano-nano microstructure is determined by

the concurrent crystallization process during sintering from

an amorphous powder, and there the sintered materials can

have a grain size much smaller than the original particle

size. If, as in silicon nitride powders, oxygen also mainly

exists at particle surfaces of the amorphous Si-C-N powder

(it should be pointed out that there might be a small

amount of net-work oxygen in the amorphous powder), and

that the oxygen diffuse from the original particle surfaces

into the interior regions (the grain boundaries), as the

EELS mapping confirmed, the oxygen content at each indi-

vidual grain boundary can be much lower than that at the

particle surface. This “diluting” effect is possibly reducing

the oxygen content to the extent that in some of the grain

boundaries no effective glassy grain boundary layer can be

formed. Thus, diffusion-based mechanisms other than solu-

tion-precipitation become the dominant mechanisms. This

transition in creep mechanism has such a strong effect that

it produces a lower creep rate in nanostructure with no

effective glassy phase in the intergranular region than that

observed with the microcrystalline matrix with a significant

amount of glassy phase having a much larger grain size. It

is apparent that in order to further establish this concept,

quantitative (and statistically valid) examination of the

grain boundary chemistry and structure is called for. None-

theless, the low creep rate observed in the nano-nano com-

posites brings us one step closer to the extremely high creep

resistance that is promised by the strong covalent bonds

and low diffusivity in silicon nitride and silicon carbide.

EFAS at 1600oC for 10 min produced Si
3
N

4
/SiC compos-

ites with a reduced additive amount. Decreasing additive

level leads to transition of microstructure from micro-nano

to nano-nano, smallest grain size (1 wt%Y
2
O

3
) by 27 nm, as

shown in Fig. 5. 

EFAS of Si-C-N produced nanocomposites with superior

creep resistance to conventional silicon nitride with same

level of additive amount, creep property approaching the

level of HIP (hot-static pressing) and GPS(gas-pressure sin-

tering)- processed materials with less additive. Si
3
N

4
/SiC

nano-nano composites with oxide additives were produced,

ε A
σn

d
p
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Q
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which have a strong potential for enhanced superplastic

formability.

2. Concluding Remarks

High density bulk amorphous Si-N-C and Si
3
N

4
/SiC nano

composites were obtained without additive by in-situ pyrol-

ysis/consolidation. Creep tests generated the first observa-

tion of stable creep stage for amorphous Si-C-N.

EFAS of Si-C-N produced nanocomposites with superior

creep resistance to conventional silicon nitride with the

same level of additive amount. Si
3
N

4
/SiC nano-nano com-

posites with oxide additives were produced, which have a

strong potential for enhanced superplastic formability.
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