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The creep properties of silicon nitride containing 6wt% yttria and 2wt% alumina have been 
determined in the temperature range 1573 to 1673 K. The stress exponent, n, in the equation 
~; oco -n, was determined to be 2.00 i 0.15 and the true activation energy was found to be 
692 + 25 kJ mo1-1. Transmission electron microscopy studies showed that deformation occurred 
in the grain boundary glassy phase accompanied by microcrack formation and cavitation. The 
steady state creep results are consistent with a diffusion controlled creep mechanism involving 
nitrogen diffusion through the grain boundary glassy phase. 

1. Introduction 
Advanced processing techniques, such as sintering, 
gas-pressure sintering, post-sintering and hot isostatic 
pressing (HIP) are currently being developed to 
improve the mechanical properties of dense silicon 
nitride (S!~N4) [1]. Achievement of full density in both 
sintered silicon nitride (SSN) and hot isostatically 
pressed silicon nitride (HIPSN) requires the presence 
of additives to promote densification by liquid phase 
sintering [2-4]. Three groups of additives have been 
used [1,5-7]: (a) oxides (MgO, Y203, Y203 + A1203), 
which do not form solid solutions with Si3N4; (b) 
oxide and non-oxide additives (BeO, BeSiN2, 
A1203 + A1N, A1N + Y203) which do form solid 
solutions with Si3N4; and (c) non-oxide additives 
(Be3N2, ZrN, ZrC, Zr + A1N, Mg3N2) which give 
higher viscosity grain boundary phases. Additives 
such as MgO result in a continuous, amorphous, mag- 
nesium silicate intergranular phase [8-11], whilst those 
containing Y203-AI203 additions may possess both 
crystalline and amorphous grain boundary phases 
[12-15]. The presence of a glassy grain boundary 
phase is deleterious to both the room temperature and 
elevated temperature mechanical properties of silicon 
nitride. 

The creep properties of dense silicon nitride, which 
are mainly controlled by grain boundary sliding along 
the amorphous phase, can be improved by: (1) increas- 
ing the viscosity of the grain boundary phase; (2) 
crystallization of the grain boundary phase; and (3) 
production of high aspect ratio fl-Si3N 4 grains, 
favoured by high viscosity melts [1, 16-19]. Hence, 
additives such as Y203, which give a higher viscosity 
grain boundary phase, generally result in lower creep 
rates than for MgO-doped silicon nitride [20]. How- 
ever, a second oxide additive, A1203, is frequently 
combined with Y203, to avoid problems of reduced 
densification rates and higher densification tempera- 

tures, produced by the single refractory oxide additive 
[21, 22]. 

To date, there have been few reports of the elevated 
temperature properties of silicon nitride containing 
refractory and rare-earth oxides [1, 19, 20, 23-26]. The 
present study was, therefore, undertaken to investigate 
(a) the creep behaviour of Si3 N4-6Y203-2AI203 (wt %) 
processed by a two-stage gas-pressure sintering tech- 
nique; (b) the role of the grain boundary phase; and (c) 
the rate controlling mechanism for steady state creep. 

2. Experimental procedures 
The material used in this study contained 92wt % 
GTE SN 502 powder, 6 wt % Molycorp Y20~ powder 
and 2 wt % Linde AI203 powder, all less than 1 #m in 
size. The powders were dry-ball milled for 24 h using 
sintered Si3N 4 grinding media, then blended with a 
binder, pelletized and injection moulded into test bars 
50.8 mm x 6.4ram x 3.2mm. Following binder burn- 
out, the specimens were sintered using a two-stage gas 
pressure sintering technique. The pre-sintering stage, 
conducted at a nitrogen pressure of 0.6 MPa (90 ksi) 
for 4 h at 2123 K, was required to remove open poros- 
ity. In the second stage, the temperature and pressure 
were raised to 2173 K and 10.3 MPa (1500 psi) nitrogen 
for 2 h to complete the densification cycle. (It should be 
noted that sintering temperatures are limited to 2093 K 
with 0.1 MPa (atmospheric pressure) nitrogen. The use 
of higher nitrogen pressures permits sintering at higher 
temperatures (up to 2473 K for 10MPa N2) and the 
use of smaller quantities of refractory additives.) 

Specimens for creep testing were nominally 25 mm x 
3mm • 3mm. They were deformed in four-point 
flexure with an outer span of 19 mm and an inner span 
of 6.4mm. High purity sapphire rods were used for 
pivot points. The displacement of the inner pivot 
points was monitored with a linear variable differential 
transformer and chart recorder. Tests were conducted 
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Figure 1 The variation of creep strain, e (%) with 
time, t, for Si3N4-6Y20~-2A1203 tested at 1673 K 
and an applied stress of 36.4MPa. 

in an air environment at constant stresses between 
10.4 and 52MPa in the temperature range 1573 to 
1673K. The furnace was allowed to stabilize for 
90 min at the test temperature before commencing the 
creep tests. Stress and strain data were computed for 
the four-point bend specimen from the load-displace- 
ment data using the procedure developed by Hollen- 
berg et al. [27]. 

Scanning electron micrographs were taken from 
both the polished and etched tensile surfaces and the 
fracture surfaces of  the creep tested samples. Trans- 
mission electron microscopy samples were taken from 
the as-received material and the tensile face of  partially 
deformed creep specimens. The samples were thinned 
by ion beam milling and examined in a Philips 430 
transmission electron microscope operated at 300 kV. 

3. R e s u l t s  
3.1. Creep data 
Creep strain (%) against time data, showing normal 
primary, secondary and tertiary regions are shown in 
Fig. 1 for a sample tested at 1673 K and a stress of  
36.4 MPa. Strain rate data against strain are summar-  
ized in Fig. 2 for specimens tested at 1673K and 
stresses in the range 10.4 to 52 MPa. A well defined 
steady state region was observed for strains above 1%, 
at all stresses above 19.9 MPa. However,  at 10.4 MPa  
the strain rate continued to decrease with increasing 
strain and steady state behaviour was not observed. It  
should be noted that rupture times of 0.4 to 1.2 h and 
1.5 to 5.3 h were observed for specimens tested at 52 
and 36.1 MPa, respectively, whereas for 19.9 and 
10.4MPa the tests were stopped, prior to rupture, 
after approximately 22 h. 

3.2. Stress exponent  
Steady state strain rate data are plotted against stress, 
for temperatures of  1673, 1623 and 1573 K, in Fig. 3. 
The error bars for the stress, 10.4MPa, at 1673K 
indicate the strain rates between a strain level of  1.5% 
and the strain level corresponding to the end of the 
test. Inspection of Fig. 3 reveals that the creep behav- 
iour of  Si3N4-6Y203-2A1203 is associated with a 
stress exponent of  2.00 + 0.15. 
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3.3. Act ivat ion energy for creep deformation 
The apparent  activation energy for creep deformation 
was determined from the secondary creep rate against 
applied stress data shown in Fig. 3, for an applied 
stress of  50MPa.  These steady state creep data are 
plotted against 1/Tin Fig. 4. From the slope of  the line 
in Fig. 4, an apparent  activation energy of 700 _+ 
25 kJmol  ~ was determined. 

3.4. Microstructural observations 
Transmission electron micrographs of  the as-sintered 
material are shown in Figs 5a and b. The material is 
predominantly fl-Si3N 4 with an average grain diameter 
of  0.7./~m. The grain labelled A in Fig. 5a has an 
aspect ratio greater than 5. Equiaxed grain sizes up to 
approximately 2.5/~m can be seen in Fig. 5a suggesting 
that some grain growth may have occurred during the 
sintering treatment. The silicon nitride grains are sur- 
rounded by a continuous glassy phase, which was 
shown by energy dispersive X-ray spectroscopy (EDX) 
to contain silicon and yttrium (dark region, labelled B 
in Fig. 5b). 

Scanning electron micrographs of the specimen 
creep deformed for 1.5h at 1673K and an applied 
stress of 72.7 MPa are shown in Fig. 6. The polished, 
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Figure 2 Creep strain rate, ~, plotted against strain, s (%) for 
specimens tested at 1673 K and applied stresses in the range 10.4 to 
52MPa (v 10.4, o 19.9, ,x 39.1, �9 41.6, [] 52.0). 
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Figure 3 Steady state creep strain rate ~ plotted against applied 
stress ,  cr, for temperatures of 1573 (n), 1623 (A) and 1673K (o, e )  K. 
�9 and OA:n represent specimens taken from different groups in the 
s a m e  batch process, n = 2.00 _+ 0.15. 

unetched, tensile surface in Fig. 6a shows the develop- 
ment of cracks and cavities along boundaries perpen- 
dicular to the applied stress. Fig. 6b shows the therm- 
ally etched side of the specimen, adjacent to the fracture 
surface, with a region of incomplete sintering at the 
bottom right. The fracture surface, containing many 
small voids and cracks is shown in Figs 6c and d. 

Transmission electron micrographs of the specimen 
creep tested for 22.4h at 1673K and a stress of 
19.9 MPa are presented in Fig. 7. Evidence of grain 
boundary sliding (labelled A) and occasional dis- 
location activity (labelled B) can be seen in Fig. 7a. 
The glassy phase in Fig. 7a is seen to contain small 
(0.04/~m) light areas in a dark matrix (labelled C). 
Tilting of the specimen did not reveal a change in 
contrast, indicating that these regions were not crys- 
talline. Careful study of several regions, which were all 
found to be amorphous, and comparison of the micro- 
graphs with those of Leng-Ward and Lewis [28], sug- 
gested that the glass had separated into two amorphous 
phases during the creep test. Similar regions were only 
occasionally observed in the as-received specimen. It 
should be noted that there appeared to be evidence of 
phase separation immediately adjacent to the silicon 
nitride grains in several cases. An alternative expla- 
nation for the two phase regions might be the presence 
of gas bubbles, if the reduction of nitrogen ions to 
nitrogen gas were to occur at the Si3N4-glass interface, 

Small crystalline regions, with only the elements 
silicon and yttrium being detected by EDX, were also 
observed in the creep tested sample. A more detailed 
study of the phases present is currently in progress, 
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Figure 4 The variation in steady state creep strain rate with reciprocal 
temperature for Si3Na-6Y203 2A1203 deformed at 50 MPa. Q = 
700 + 25kJmol  ~. 

but it was clear that the majority of the grain boundary 
phase observed in the present study was amorphous. 

The formation of creep cavities at triple points and 
deformation of the glassy phase are clearly seen in Fig. 
7b. Meniscus formation can be seen at the regions 
labelled D in Fig. 7b. 

3.5. X - ray  d i f f r ac t i on  data 
X-ray diffraction data were taken from the specimen 
creep tested for 22~4h at 1673K and a stress of 
19.9MPa. These data confirmed the presence of 
fl-Si3 N4 with a trace of ~-Si 3 N4, and X-ray lines could 
also be matched with yttrium aluminium garnet 
[1/2(3Y203 �9 5A1203)]; aluminium yttrium oxides, YA103 
and A15Y3OI2; and yttrium silicon oxide nitride, 
Si3 N4 �9 Y203. A detailed transmission electron micros- 
copy study is now in progress to unambiguously iden- 
tify the crystalline phases present. 

3.6. Grain size measurements  
Grain size measurements, from the transmission elec- 
tron micrographs, were made for samples taken from 
the as-sintered material and the specimen crept at 
19.9MPa for 22.4h at 1673K. The average grain 
width increased from 0.7 _+ 0.25 #m in the as-sintered 
material to 1.0 + 0.25 ym in the crept material. There 
were insufficient data in the transmission electron 
micrographs to obtain accurate aspect ratio measure- 
ments. The limited data collected suggest that grain 
growth was not a major factor in the short term creep 
tests. 

4. Discussion 
4.1. Creep data 
With the exception of the I0.4MPa test at 1673 K, all 
the creep curves obtained for stresses above 19.9 MPa 
in the temperature range 1573 to 1673K exhibited 
primary, secondary and tertiary creep regions. This is 
in agreement with (a) data reported by Heinrich and 
B6hmer [20] for four-point bend tests of hot isostatic- 
ally pressed yttria-doped silicon nitride in air at 
1623 K, and (b) other comprehensive studies of creep 
in hot pressed silicon nitride [1, 17, 29, 30]. In contrast, 
Arons and Tien [31] reported that for tensile creep tests 
of hot pressed silicon nitride containing magnesia addi- 
tives (NC- 132) no steady state creep was observed and 
the strain followed power law time kinetics. Similarly, 
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Figure 5 Transmission electron micrographs of the as-sintered Si3N 4 6Y203-2A1203, (a) A - f l-Si3N 4 grain with aspect ratio greater than 
5, (b) B - continuous glassy phase surrounding silicon nitride grains. 

Bouarroud et a/.[25] reported a very long primary 
creep stage in creep tests of Si3N4-25SiO2-5Y203 
(mol %). However, it shoud be noted that both Arons 
and Tien and Bouarroud et al. conducted their tests at 
lower temperatures (1450 to 1533 K) than the studies 
reported above (1573 to 1673 K). Their observations 
agree with those of Davies and Sinha-Ray [32], who 
noted that decreasing the test temperature increased 
the extent of primary creep in polycrystalline alumina. 

4.2. Stress exponent  
The observations of deformation in the glassy phase at 
grain boundaries together with wedge cracks and cavi- 
tation suggests a viscoelastic mechanism, characterized 
by a stress exponent, n = 1. In the present study, a 
stress exponent of 2.0 was determined for S i 3 N  4 -  

6Y203-2A1203 in agreement with data for SiA1ON 
and silicon nitrides [17-19, 29-31, 33-42]. This appa- 
rent discrepancy has been reconciled by Evans and 
Rana [43], who have developed statistical models for 
the creep strain and the failure time of high temperature 
ceramics in the presence of grain boundary cavitation. 
Their model predicts a stress exponent of 2 for materials 
with a continuous grain boundary phase, in which 
cavities are formed by the viscous flow of the boundary 
phase in the presence of  both an external stress and 
boundary sliding displacements. 

4.3. Activation energy for creep deformation 
The steady state creep deformation of ceramic materials 
can be represented by an equation of the following 
form [23] 

- k ~  \dJ  \ a /  (1) 

where, ~ is the strain rate, G the shear modulus, b 
the Burger's vector, k the Boltzmann's constant, 
T the absolute temperature, D the diffusivity 
(=  Do exp [ -  Q/(RT)] with D O constant), Q the acti- 
vation energy of the appropriate diffusion process, R 
the gas constant, d the grain size, p the inverse grain 
size exponent, o- the applied stress and n the stress 
exponent. 

The activation energy determined from the 
Arrhenius plot of strain rate against reciprocal tem- 
perature in Fig. 4 is given by the expression 

Qa = -Re? In ~/O(1/T) (2) 

In order to identify the rate controlling mechanism, 
the true activation energy, given by the following 
expression, must be determined 

Qt = -Re? In D/O(1/T) (3) 

Combining Equations 1 to 3 gives the following 
relationship between the true and apparent activation 
energies 

Qt = Qa + R T -  [(1 - n)RT2 /G]dG/dT  (4) 

The shear modulus at temperature can be determined 
from the relationship 

GT = Go + (dG/dT)  T (5) 

Shear modulus data as a function of temperature in air 
have been determined for silicon nitride by several 
authors [29, 44-47]. Kossowsky et al. [29], showed 
that the shear modulus varied linearly with temperature 
up to 1473 K, (giving a slope (dG/dT)  = - 8.97 MPa 
K -1 and a value of Go = 1.24 x 10SMPa) but 
decreased more rapidly above 1473 K. Similar values 
can be determined from the Young's modulus data 
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Figure 6 Scanning electron micrographs of specimen creep deformed for 1.5 h at 1673 K with an applied stress of 36.4 MPa, (a) polished, 
unetched tensile surface showing microcracks and cavities, (b) thermally etched side of the specimen showing region of incomplete sintering, 
(c) and (d) fracture surface showing small voids and cracks. 

reported by Bonnell et  al. for temperatures up to 
1273 K (assuming v = 0.28). Larsen and Adams [45] 
have reported a value of G--- 1.3 x 105MPa at 
1748 K indicating that the linear extrapolation tech- 
nique is an acceptable method for estimating the shear 
modulus in the temperature range 1573 to 1673K. 
Using the extrapolated shear modulus data of Kos- 
sowsky et  al., a plot of~G" ~T against 1/Twas con- 
structed giving a true activation energy of 692 + 
25kJmol  -~. This activation energy is in excellent 
agreement with activation energy data for silicon 
nitride, summarized in Table AIII of reference [23], 
with additional data in references [1, 20, 25]. 

4.4. Identification of the rate controlling 
mechanism 

The majority of the creep deformation studies of hot 
pressed, sintered, hot isostatically pressed and reaction 
bonded silicon nitride have determined the stress expo- 
nent, n, to be approximately 2, and the activation 
energy of the rate controlling mechanism to be in the 
range 600 to 750 kJ mol L. Grain boundary sliding is 
observed in the amorphous grain boundary phase, 
accompanied by microcrack development [19, 29]. It 
has been suggested that deformation is strongly depen- 
dent on the viscosity of the grain boundary phase, the 
silicon nitride dissolution and reprecipitation reactions 
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Figure 7 Transmission electron micrograph of specimen creep deformed for 22.4 h at 1673 K and a stress of 19.9 MPa, (a) A - grain 
boundary sliding, B - dislocation activity, C - phase separation within the glass. (b) Deformation in the glassy phase at grain boundaries, 
with meniscus formation at regions labelled D. 

and the transfer of  the viscous phase from boundaries 
under compression to those in tension [19, 29]. It is 
well established that additives such as CaO, which 
cause a marked reduction in the softening point and 
viscosity of silica glass, increase the creep strains and 
deformation rates of hot pressed silicon nitride [1, 17, 
19, 29]. 

The existing creep data for silicon nitride fall into 
two groups: (a) data collected in the temperature 
range 1523 to 1673 K, where well defined steady state 
creep rates have been observed, as in the present 
study; and (b) data collected at lower temperatures 
1373 to 1523 K, where only primary creep has been 
observed. Activation energies determined from the 
steady state data lie in the range 650 to 750 kJ mol-t  
and will now be compared with existing diffusion data 
for silicon nitride, and activation energies from primary 
creep and oxidation studies. 

The self diffusion coefficients for nitrogen in single 
crystal grains ofpolycrystalline c~- and/~-silicon nitride 
have been measured by Kijima and Shirasaki [48], 
giving values of 235 and 778kJmol  ~, respectively. 
Although the value for /?-Si3N4 is only 78kJmol  1 
higher than the value of 700 kJ mol-~, measured in the 
present study, it is unlikely that bulk diffusion of 
nitrogen would be rate controlling in the presence of 
a continuous, amorphous grain boundary phase. How- 
ever, very limited diffusion data are available for 
these grain boundary phases. W6tting [1, 49] reports 
values for Si-N diffusion in the grain boundary phase 
of hot pressed silicon nitride of (a) 448 kJmol  1 at 
temperatures below 1823 K and (b) 695 kJmol  ~ at 
temperatures above 1823 K (for 10 wt % Y203 addi- 
tive); and (e) 645 kJ m o l t  (for 5 wt % MgO additive- 
temperature range not indicated). 

The primary creep studies give a wider range of 

4448 

activation energy values. Arons and Tien [31], in 
agreement with Lange et  al. [41], concluded that per- 
manent creep and viscoelastic deformation were 
parallel processes which could be treated indepen- 
dently. Activation energies of 403 _+ 113 kJ tool l (at 
constant strain (0.9%)) and 848 kJ tool ~ (at constant 
time (10h)), were determined by Arons and Tien for 
three-point bend tests of  NC-132 (MgO additive) in 
the temperature range 1450 to 1533 K. Tests at constant 
structure were carried out by temperature jump experi- 
ments on a single specimen with significant creep 
strain, giving an activation energy of 819 _+ 84kJ 
tool -l, which confirmed the value of  848kJmol 
determined above. The activation energy for the visco- 
elastic process was obtained through the temperature 
dependence of the recovery rate (taken 4 h after load 
removal) and was found to be 722kJmol  ~. Arons 
and Tien concluded that the persistent creep deforma- 
tion occurred by grain boundary sliding accom- 
modated by grain boundary phase percolation and 
cavitation void and wedge opening. 

A study of both primary creep and the oxidation 
kinetics of 70Si3N4-25SiO2-5Y203 (tool %) has been 
conducted by Bouarroud et  al. [25]. They showed that 
oxidation occurred in the intergranular glass phase 
with activation energies of 146 + 15 and 680 + 
80kJmol  ~, for the temperature ranges 1453 to 
1693 K and 1693 to 1923 K, respectively. In the lower 
temperature regime, they suggested that the inward 
diffusion of oxygen could be the limiting step, whereas 
at higher temperatures, the outward diffusion of an 
"yt t r ium-ni trogen" compound species was thought to 
be the limiting step. The oxidation data were related to 
the creep data by using the strain rates at constant 
degree of oxidation (i.e. constant weight gain) to 
determine the activation energy. It should be noted 



that no grain growth was observed in this material. 
Irrespective of  the weight gain value selected, an acti- 
vation energy of 720 kJ mol-~ was determined. This 
value is identical to that determined by Tien for the 
viscoelastic process and is very close to the value of 
700 kJ tool ~ measured in the present study. 

Bouarroud et al. modelled the primary creep strain, 
e, as the sum of the viscoelastic component, ev, and the 
diffusional component, e,a, giving 

e = ~v -Jr- ~d (6) 

and 

= ~v + ~d (7) 

From the analysis of Lange et al. [41], the creep rate 
was written as 

1 
~--- i f ( g v ,  o)  -~- SdO" exp ( - E a / R T )  (8) 

q 

where r/is the viscosity of the grain boundary phase; 
Sv depends on the structural state of the material 
(Sv(So, D, E, A) where S o is the thickness of the glassy 
interphase, D the mean grain size; E the elastic modulus 
of a grain boundary asperity; A the areas of the asper- 
ity) cr the applied stress, Sd depends on the structural 
state and Ea is the activation energy of the diffusional 
mechanism. 

An Arrhenius expression was assumed for the visco- 
sity giving 

1 
= - - f ( S v ,  ~r) exp ( - E v / R T )  

tlo 

+ Sd0- exp ( - E d / R T )  (9) 

where Ev is the activation energy of the glass viscosity. 
The experimental observation that the activation 

energy measured was constant for all weight gains, led 
Bouarroud et al. to the conclusion that Ev must be 
equal to Ed and that matter transport through the 
glassy phase was the rate limiting step. 

4.5. Relationship between the viscosity and 
diffusivity of a l iquid 

The above conclusion can be reconciled with the acti- 
vation energy values obtained by (a) Arons and Tien, 
(b) in the present study, and (c) in silicon nitride 
containing magnesia or yttria additives, when the Ein- 
stein relationship between the mobility of a liquid and 
its diffusivity is introduced [50]. 

The resistance, F, suffered by a small sphere of  
liquid of  radius a, moving with an average velocity, 0, 
with respect to the surrounding particles is given by 
Stokes' law 

F = 6ztaq~ (10) 

This can be written as 

~3 = ~F (11) 

where c~ is the mobility of the particle, given by 

1 
c~ - (12) 

6rear/ 

According to Einstein's theory of Brownian motion 

D 
- (13) 

k T  

where D is the self diffusion coefficient of  the liquid, k 
the Boltzmann's constant and T the temperature (K). 
Hence 

k T  
r/ - ( 1 4 )  

6~aD 

and if 

D = D O exp ( - E ~ / k T )  (15) 

where E~ is equivalent to Ed in Equation 9 

k T  
~/ - exp (E~/kT) (16) 

6~aD o 

showing that the activation energy for the viscosity is 
the same as that for the self diffusion of the liquid. 

The kinetic theory for the viscosity of  liquids was 
developed by Frenkel in 1926 [51] and is discussed in 
detail in reference {52]. 

4.6. The role of additives 
In deriving the relationship between the viscosity 
and self diffusivity of a liquid (Equation 16), Frenkel 
assumed that the average resistance of the liquid to the 
motion of one of its particles could be determined by 
Stokes law [39]. If a particle of the liquid is replaced by 
a particle of a foreign substance dissolved in the 
liquid, then by Stokes law, there will be very little 
change in the mobility for the foreign particle unless 
there is a large difference in the radii of the particles. 
Hence the diffusion coefficients of the different dis- 
solved species must be approximately equal to each 
other and to the self-diffusion coefficient of the solvent. 

This concept can be applied to silicate glasses by 
assuming that the various "particle sizes" are associ- 
ated with the silica tetrahedra and the diffusing ions. 
The circumscribed sphere for the silica tetrahedron 
has a radius of 0.152 nrn compared to the following 
radii for the respective ions: 0.171 nm N3-; 0.14nm 
O 2 ; 0.065 nm Mg 2+ ; 0.099 nm Ca 2+ ; 0.05 nm Al 3+ ; 
0.093 nm y3+ ; 0.041 nm Si 4+. It should be noted that 
the circumscribed sphere for the silica tetrahedron was 
determined using the ionic radii modified by the coor- 
dinate number (CN), i.e. 02 - = 0.114 nm (CN 2) and 
Si 4+ = 0 .038  ( C N  4) [53-56]. Hence, there is little 
difference between the radii of the diffusing species, 
with the radius of the nitrogen ion, N 3-, being the 
largest. This result suggests that the diffusion of the 
nitrogen ion may be the rate controlling mechanism, 
as discussed below in the context of the oxidation 
mechanism. 

The correlation between viscosity and diffusivity 
has been investigated by Schaeffer for vitreous silica 
[57-59]. He concluded that the diffusivity of silicon 
or the SiO 4 tetrahedron was rate controlling for 
viscous flow phenomena involving the silica phase, 
such as the high temperature creep of ceramic materials 
with silica-rich grain boundaries. However, he noted 
that the oxidation data of Si3N 4 differed from those 
for Si, MoSi2 and SiC and suggested that the release of 
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nitrogen at the Si3N4-SiO 2 interface may be respon- 
sible. Further research is now required to determine 
whether the two-phase regions observed in the glass 
phase of Si3N4-6Y203-2AI203 correspond to the pre- 
sence of (a) nitrogen-rich glass; (b) oxygen-rich glass; 
or (c) nitrogen gas bubbles; in order to clarify the rate 
controlling mechanism. 

4.7. Relationship between the creep 
mechanism and oxidation 

When silicon nitride is creep tested in air, passive 
oxidation, at high oxygen levels in the atmosphere, 
results in a protective SiO2 rich layer forming at the 
surface, according to the reaction 

Si3N4(s) + 302(g) --+ 3SiO2(s) + 2N2(g) (17) 

In magnesia-fluxed materials it has been shown that 
the chemical potential gradient established results in 
an increase of the magnesium ion concentration in the 
surface scale. Diffusion of the magnesium cations 
from the bulk to the surface was proposed as the rate 
controlling mechanism for oxidation [60, 61]. Similarly, 
Bouarroud et al. [25] reported segregation of yttrium 
to the subscale during oxidation of 70Si3N4-25SiO 2- 
5Y203, but concluded that the limiting step was 
matter transport through the glassy grain boundary 
phase, possibly by an "yttrium-nitrogen compound" 
(complex). 

In the present work, we conclude that the rate 
limiting step may be the transport of the nitrogen ions, 
rather than a complex species, through the grain 
boundary glassy phase to the surface as illustrated 
schematically in Fig. 8. The silicon nitride grains are 
shown surrounded by the glassy phase and exposed to 
air. At the surface, nitrogen ions in the glass give up 
electrons and form nitrogen gas. This reaction can 
only occur if there is a species in the glass or the 
surrounding environment to accept the electrons. In 
this case oxygen atoms accept electrons, forming ions, 
with 602 ions being formed for every 4N 3- converted 
to nitrogen gas. The oxygen anions will attach to 
available network cations, and once these are exhausted 
will induce a flux of cations from the bulk to the 
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Figure 8 Schematic representation of the oxidation and reduction 
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surface. This flux will include the cations in the glass, 
e.g. y3+, Mg2+, A13+ and also Si 4+ ions from the 
dissolution of the silicon nitride. A parallel flux of 
nitrogen anions to the surface, also from the dissolution 
of the silicon nitride, will occur to replace the nitrogen 
ions evolved as nitrogen gas. Since N 3 has the largest 
ionic radius it is likely to have the slowest diffusivity, 
resulting in nitrogen ion transport through the glassy 
phase being the rate limiting step. 

4.8. Interpretation of creep data 
The above mechanistic interpretation can provide a 
satisfactory explanation for much of the creep data 
available for silicon nitride. 

(1) The activation energies measured for creep of 
silicon nitride fall within the range 600 to 750 kJ tool 1 
irrespective of the type of additive, since nitrogen 
transport is the rate limiting step in each case. 

(2) The creep mechanism is identical for the primary 
and steady state studies described above for the tem- 
perature ranges 1373 to 1523K and 1523 to 1673K, 
with the true steady state being reached when there is 
a constant flux of N 3- ions from the bulk to the 
surface. 

(3) The creep rates of silicon nitride are much lower 
in helium environments since there is no surface species 
(e.g. 02) to accept electrons, and the concentration of 
impurities, such as Fe 3+, which could change oxidation 
state is generally very low [29]. 

(4) The viscosity of the glass increases with time, i.e. 
a hardening effect is observed during long term creep 
tests. This could be attributed to increasing nitrogen 
concentration levels in the oxynitride glass, rather 
than to the depletion of Mg 2+ or y3+. For example, 
Drew et al. [62] have established a correlation between 
increasing viscosity and increasing nitrogen levels in 
a series of oxynitride glasses of constant metal atom 
context. 

(5) Once crystallization of the glassy phase occurs, 
matter transport through the crystalline regions will 
become important, and the activation energy and rate 
limiting mechanism for the creep process must change. 
Activation energies may change continuously with 
temperature reflecting the increased degree of crystal- 
lization in the grain boundary phase. 

(6) The strain rate derived by Evans and Rana [43] 
for a material with a continuous grain boundary phase 

= o~a~,E -~ exp ( -  Q , , / R T )  (18) 

(where co is a constant, a~: the remote stress, E the 
Young's modulus and Q,~ the activation energy for the 
viscous mechanism) can now be replaced by 

= co a ; . E  exp ( - - Q D / R T )  (19) 

where co' is a constant and QD the activation energy 
for diffusion through the grain boundary phase. 

Hence creep can be shown to occur by a diffusion 
controlled mechanism with a stress exponent, n = 2. 

5. Conclusions 
The conclusions are as follows. 

(1) The creep properties of Si3N 4 6YzO3-2A1203, 



prepared by a two-stage gas pressure sintering process, 
have been determined in the temperature range 1573 to 
1673K, giving a stress exponent, n = 2.00 4- 0.15 
and a true activation energy of 692 +_ 25 kJ tool i. 

(2) The creep exponent, n = 2, can be rationalized 
in terms of Newtonian viscous sliding accompanied by 
microcrack formation and cavitation. 

(3) The viscosity of the grain boundary phase has 
the same activation energy as that for the self diffusion 
of the liquid, when Einstein's relationship between the 
mobility and the diffusivity of a liquid is introduced. 

(4) The activation energy is consistent with a dif- 
fusion controlled mechanism, with the rate controlling 
mechanism being the transport of nitrogen ions 
through the grain boundary phase. 

(5) The mechanistic interpretation proposed pro- 
vides an explanation for the role of (a) additives; (b) 
helium environments; (c) observed viscosity changes; 
and (d) crystallization, during the creep testing of 
silicon nitride ceramics. 
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