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Abstract 

The thermodynamic calculations of  phase equilibria 
especially refer to the pseudoternary system Si3N 4- 
SizN20-MgaSiO 4. With the model, the liquid phase 
is treated as a mixture of  the quasicomponents 
1/7 Si3N 4, 1/3 SiO 2 and 1/2 MgO, for which an 
eutectic point was calculated at 1510°C with the 
composition 0"153 Si3N 4 + 0"194 SizN20 + 0"653 
Mg2SiO 4. For the equilibria Si3N4-1iquid phase- 
gaseous phase the partial pressures of  Mg and SiO 
were calculated in dependence on temperature, 
nitrogen partial pressure and composition of  the liquid 
phase. The results of  thermodynamic calculations and 
experimental studies of  sintered Si3N 4 materials with 
MgO additives are used to interpret the development 
o1 microstructure and the mechanical behaviour at 
high temperatures. 

Les calculs thermodynamiques des bquilibres des 
phases se rapportent en particulier au systkme 
pseudoternaire Si3N4-Si2NzO-Mg2SiO4. A l'aide du 
modOle considkrant la phase liquide comme ktant un 
mklange des quasi-eomposants 1/7 Si3N 4, 1/3 SiO 2 
et 1/2 MgO, on a pu calculbr un eutectique ~ 1510°C 
composk de 0.153 Si3N 4 + 0"194 SizNzO + 0.653 
Mg2SiO 4. Pour l'bquilibre phase liquide-phase 
gazeuse les pressions partielles de Mg et SiO ont 
ktk calculbes en fonction de la tempkrature, de la 
pression partielle d'azote et de la composition de la 
phase liquide. Des calculs thermodynamiques et des 
rbsultats expkrimentaux obtenus avec des matkriaux 
frittbs de nitrure de silicium avec addition de MgO 
ont ktb tirkes des conclusions sur la formation da la 
microstructure et sur le comportement mkcanique 
aux hautes tempOratures. 

Die thermodynam&chen Berechnungen der Phasen- 
gleichgewichte beziehen sich insbesondere auf das 
pseudoternfire System Si3N4-SizNzO-Mg2SiO ¢. 
Mit dem Modell, das die fliissige Phase als Mischung 
der Quasikomponenten 1/7 Si3N 4, 1/3 SiO z und 
1/2 MgO betrachtet, wurde ein Eutektikum bei 
1510°C mit der Zusammensetzung 0.153 Si3N4 + 
0.194 Si2NzO + 0.653 MgzSi04 berechnet. Fiir das 
Gleichgewicht Si3N4-fliissige Phase-Gasphase er- 
Jolgte eine Berechnung der Partialdriieke yon Mg 
und SiO in Abhiingigkeit yon Temperatur, Stickstoff- 
partialdruck und Zusammensetzung der Schmelze. 
Anhand der thermodynamischen Berechnungen und 
experimenteller Ergebnisse yon gesinterten Silizium- 
nitrid-Materialien mit MgO-Zusatz werden Aus- 
sagen zur Ausbildung der Mikrostruktur und zum 
mechanischen Verhalten bei hohen Temperaturen 
abgeleitet. 

1 Introduction 

Although in the past years many oxides have been 
found to be suitable as sintering additives for Si3N4- 
based ceramic materials, magnesium oxide remains 
one of the most widely used densification aids for the 
sintering of Si3N 4. The system S i -Mg-N-O can also 
be used as a model system for theoretical and 
experimental studies of high-temperature perfor- 
mance. The knowledge of the equilibria Si3N,~- 
oxide-nitride melt is necessary for understanding 
the ceramic's behaviour at high temperatures. It has 
been shown by experimental studies ~ and computer 
calculations 2 that the stable equilibria Si3N 4- 
Mg2SiO 4 and Si2NzO-Mg2SiO 4 exist in the system 
Si3N4-SiO2-MgO. Table 1 shows the compositions 
and the eutectic temperatures of the interesting 
systems. 
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Table 1. Composit ions and temperatures of  the eutectic points 
in the system Si3N4-Si2N20-Mg2SiO 4 

Table 2. Thermodynamic data of  the condensed stoichiometric 
compounds 9,~ 

Compositions Temperature Reference 
(mole.[factions) ( K) 

H S 
(J/mol) (J/mol K) 

0.19 Si3N 4 + 0.81 Mg2SiO 4 1 833 

0.39 Si3N20 + 0.61 Mg2SiO 4 1 798 

0.10 Si3N 4 -t-0'30 Si2N20 1 788 
+ 0.60 Mg2SiO4 

0.62 SiaN 4 + 0.38 Si2N20 2 508 

0-52 Si3N 4 + 0.48 Si2N20 2 124 

0.61 SiaN 4 + 0.39 Si2N20 2475 

Ref. 1 SiO2(s ) - 820 704 155.721 
(experimental) SiO2(l ) - 811 122 160'521 

Ref. 1 Si3N,(s) - 530 943 357.217 
(experimental) 'Si3N4(I )' - 321 643 437'710 

Ref. 1 MgO(s) - 515 000 119'220 
(experimental) MgO(I) - 437 596 144'240 

Ref. 11 Si2N20(s ) - 704055 252.500 
(calculated) a 'SiEN20(I)" - 545 880 313.125 

Ref. 2 Mg2SiO4(s ) - l 879 675 407.260 
(calculated) b MgESiO4(I ) - l 808 548 440.020 

Ref. 3 
(calculated) a 

a Calculated for the condensed system Si3N4-SiO 2. 
bCalculated for the system Si3N4-SiO 2 with consideration of  
the gaseous phase and the metallic silicon melt. 

Up to now there have only been results from 
calculations obtained by Kaufman et  al. 3 for the 
phase relations in the condensed system Si3N 4- 
SiO2-MgO. However, these results are not con- 
sistent with the experimentally obtained phase 
relations? Also, the results obtained with con- 
sideration to the gaseous phase in the system 
S i -Mg-N-O 4 are not consistent with the observed 
phase relations in hot-pressed silicon nitride with 
MgO additives ~ and with the studies of  the 
densification process of reaction-bonded Si3N4. 5 

The aim of these investigations was to calculate 
the system SiaN4-Si2N20-Mg2SiO 4. It is the most 
important region of the system S i -Mg-N-O with 
regard to Si3N 4 ceramic materials with MgO 
additives. Furthermore, the microstructure and 
mechanical properties of  some MgO-containing 
SiaN 4 materials were investigated. The treatment is 
made with the assumption that all ions have their 
conventional valence. This allows the system to be 
treated as a ternary system at a given pressure. 

2 Calculation Method and Thermodynamic Data 

For this calculation two programs were used. The 
program G M I N  6 is based on the m e t h o d  of  
minimization of Gibbs free energy. The strategy of 
this program corresponds to the program developed 
by Eriksson. 7 It was used to calculate the multi- 
component  equilibria with solid stoichiometric 
phases and the gaseous phase, because with this 
program it is not possible to calculate mixing phases 
with a wide range of composition, e.g. silicate melts 
in ceramic materials. The second program performs 
a stepwise calculation of two phase fields for 

condensed binary and ternary systems. This 
program was based on the condition of equilibrium 

#i (phase I) = #j (phase II) 

and agrees with the method described by Kaufman 
& Bernstein. 8 The fields of  three or four phases were 
obtained at the points of  intersection of the two 
phase fields. 

The thermodynamic data were collected from 
Refs 9 and 10, except the data of silicon oxynitride. 
For S i 2 N 2 0  the data selected by D6rner et  al. 1 ~ were 
used. These data were converted into the reference 
state used in Ref. 9 (stable modification of the pure 
element at 298.15 K). The authors also tried to use 
the data of Si2N20 published by Fegley, 12 but these 
enthalpy and entropy values do not result in a 
consistent set of data in connection with the data of 
the other compounds.  

All the thermodynamic data used are listed in 
Tables 2 and 3. The Gibbs free energy of the 
condensed phases is described as a linear function of 
the temperature: 

G = H - T S  

Table 3. Thermodynamic  data of  the gaseous species ~° 
(To = 1700 K) 

Species H S Cp 
(J/mol) (J/mol K) (J/tool K) 

Si 479 728 204'93 21 '51 
Si 2 623 867 301'4 44"29 
Si 3 727 737 377"31 69"62 
SiO - 49 798 270'58 37"06 
SiO z - 242 543 323'49 60"92 
SiN 453 255 276'46 37"79 
Mg 176 239 184'72 20'79 

M g O  100035 291"15 49"20 
M g N  339 453 287"50 41'87 
N2 45 427 246"16 35"38 
N 501 817 189"37 20-79 
02 47 942 262"57 37"07 
O 278 631 197"75 20"83 
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The Gibbs free energy of  the gaseous species is 
calculated according to the following equation 

G = H -  T S +  c o ( T -  To - l n ( T / T o ) )  

where cp is the molar heat capacity and To is the 
temperature, for which the enthalpy (H) and entropy 
(S) were selected from the relevant table. The 
treatment of  the liquid phase shall be mentioned 
later. 

Table 4. Excess coefficients (J/g-atom) for the model according 
to eqn (1) 

A 1 3= 15966 
A3 1 = 40 323 
A-' 3= 18739 
A J 2 = 11 549 
A 1 2 = 3 0 0 0 0  
A 2 -  1 = 3 0 0 0 0  
B I = 150000 
B 2 = 30 000 
B 3 = 150 000 

3 Results  and Discuss ion  

Two methods were applied to calculate the con- 
densed pseudoternary system Si3N4-SiEN20- 
MgESiO4. On the one hand the phases Si3/vN4/v, 
Si2/5N2/501/s and Mg2/7Sil/704/7 were interpreted 
as quasicomponents;  on the other hand Si3/TN4/v, 
8il/302/3 and Mgl/2Ol/2 were regarded as quasi- 
components.  The following symbols are employed 
for these quasicomponents:  

SN = 1/7 Si3N ~ 
SO = I/3 SiO2 

MO = 1/2 MgO 
SNO = 1/5 Si2N20 

FO = 1/7 MgzSiO 4 

The first method treats the system S N - S N O - F O  as a 
ternary system. The Gibbs free energy of  the liquid 
phase is given by 

Gliq : xGOfX o 1 + y G s ~  o + (1 -- x -- y)G°61 

+ R T ( x l n ( x )  + y ln  (y) 

+(1  - x - y ) l n ( 1  - x - y ) )  

x y  ( x A  1 - 2 1) -k ~ + TA 2 -  

+ x(1 --  x --  y)  ((1 - x --  y ) A  1 - 3 + x A  3 - 1) 
1 - y  

+y~lt - x - y )  ((1 - x - y ) A  z - 3  +y A 3-2) 
1 - - x  

+ xy(l --  x - y ) ( x B  1 + y B  2 

+ (1 - x - y ) B  3) (1) 

where x is the mole fraction of  SN and y is the mole 
fraction of  SNO. 

The description of  the binary excess terms 
conforms with the model proposed by Kaufman et  

al. 3 The excess parameters for the systems S N - F O  
and S N O - F O  were calculated to reproduce the 
eutectic points listed in Table 1. All excess para- 
meters used are listed in Table 4. 

The results obtained with this rather formal 

method are shown in Fig. 1. A phase diagram of 
'classic' ternary shape is obtained, in which the 
ternary eutectic point is located at 1750 K with the 
composit ion 

0.11 Si3N 4 + 0"22 Si2N20 + 0.67 Mg2SiO4 

Of  course the compounds  Si3N4(s) and SizN20(s ), 
respectively, practically decompose into Si(1) and N 2, 
and Si(1), SiO(g) and N 2, respectively. Therefore the 
phases 'Si3N4(I)' and 'Si2N20(1 )' have to be regarded 
as metastable phases and the melting points are 
hypothetical values. 

Secondly the system SN S N O - F O  was treated as 
a subsystem in the pseudoternary system SN SO-  
MO. The Gibbs free energy of  the liquid phase is 
calculated corresponding to the following equation: 

G '~q = xG°~  1 + YG°6% (1 - x - .) J~'Mo 

+ R T ( x  in (x) + y in (y) 

+(1 - x - y ) l n ( 1  - x - y ) )  

+ xy ( x D l _ 2 + y D 2 _ l )  
x + y 

-+ x(1 - x - y) 
1 - y  ((1 - x - y ) D 1 - 3 + x D 3 - 1 )  

+ y( 1 - x - y) ((1 - x - v)D 2 - 3 + vD 3 - 2) 
l - x  " " 

+ xy(1 - x - y ) ( x E  l + y E  2 

+ (1 - x - y)E 3) (2) 

(x = mole fraction of  SN, y =  mole fraction of  SO). 
The excess parameters are listed in Table 5. The 
results obtained with this model are shown in 
Figs 2-5. The composit ion of  the ternary eutectic 
point is 

0"153 Si3N 4 + 0"194 SiEN20 + 0"653 Mg2SiO, ~ 

at 1785 K. 
The comparison between Fig. 1 and Fig. 5 shows 

that the shape of  the liquidus lines depends strongly 
on the model for calculation. For  all further studies 
the second model was used. 
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Si2N20 

Si3N~, Mg2Si0t , 

Fig. 1. Condensed system Si3N4-Si2NEO-Mg2SiO 4 cal- 
culated according to eqn (1). 

Table 5. Excess coefficients (J/g-atom) for the model according 
to eqn (2) 

Interaction SN-MO: 0 1 - 3 =  10000 
D 3 - 1 = 1 0 0 0 0  

Interaction SO-MO: D 2 -  3 = - 9  598 
D 3 -  2 = _ 9  598 

lnteractionSN SO: D~-2= 42500 
D2-1= 42 500 

Ternary interaction parameters: 
E' = - 50 000 
E 2 = - 75 000 
E 3 = -- 75  0 0 0  

N o  a t t empt  has been made  to a p p r o a c h  the real 

state with a more  compl ica ted  description.  This 

seems unreasonable  because o f  the little experi- 

mental  da ta  k n o w n  in this system. 

The  par t ia l  G ibbs  free energies ( /Q o f  the 

q u a s i c o m p o n e n t s  in the liquid phase were used for  
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Fig. 2. Section SiaN4-Mg2SiO 4 of the condensed system 
SiaN4-SiOE-MgO calculated according to eqn (2); x = mole 

fraction of Si3N 4. 
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Fig. 4. Quasibinary system Si3N4-SiO 2 within the condensed 
system Si3N,-SiO2-MgO calculated according to eqn (2); 

x = mole fraction of Si3N 4. 
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Fig. 3. Section Si2N20-Mg2SiO 4 of the condensed system 
Si3N4-SiO2-MgO calculated according to eqn (2); x = mole 

fraction of SiEN20. 

Si2N20 

/ 

Si3N4 Mg2Si04 

Fig. 5. Pseudoternary system Si3N4--SiEN20 Mg2SiO 4 
within the condensed system Si3N4-SiO2-MgO calculated 

according to eqn (2). 
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calculation of the partial pressures (Pi) of SiO 2 and 
MgO because of the relations 

and 

g _ # o . g  ~t i - + RTlnpi  

where the gaseous phase is treated as an ideal 
mixture. The following equilibria were used to 
calculate the partial pressures of SiO and Mg 

SiaN4(s  ) = 3 Si(g) + 2 N 2 
SiO2(g) + Si(g) = 2 SiO(g) 

SiO(g) = Si(g) + 1/2 0 2 
MgO(g) = Mg(g) + 1 / 2 0  2 

The partial pressures of SiO 2 and MgO were 
obtained from the calculated partial Gibbs free 
energy of these components in the melt. For a given 
partial pressure o fN 2 the partial pressures ofSi, SiO, 
O a and Mg can be calculated. The partial pressures 
of SiO and Mg were calculated for several mole 
relations SiO2/MgO in the melting phase. The SiO 
partial pressure increases with increasing amount  of 
SiO 2 in the melt at simultaneous decreasing of PMg 
(Fig. 6). The increase of the N 2 partial pressure 
causes a reduction of PMg and Psio, but not in the 0 
same order (Fig. 7). 

With the aforementioned program, GMIN, -2 
the equilibrium S i 3 N 4 ( s ) - S i E N 2 0 ( s ) - M g 2 S i O 4 ( s  ) -  ~ - t~  

gaseous phase was calculated. This four-phase ,, 
equilibrium is unambiguously determined, because v,;,_6_ 
the remaining two degrees of freedom are given to 
temperature and pressure in this four-component - -B 
system. Figure 8 shows the partial pressures of all -10 

o -12 

-1 s i o  -18 

o 
-2 

- - t ~ - . -  PN2 = 1 b a r  

- - o - -  PN2 = 5 0 b a r  

-3 ~ , , 

1.5 2 

mo[ar ra t io  MgO/SiO 2 

Fig. 6. Calculated partial pressures (p~) of the equilibrium 
Si3N,-liquid at different molar ratios MgO/SiO2; T =  2200 K. 

-1 

O 

-2 

SiO 

- - - -  1,4g 
-3  i t i 

5 10 50 100 

PN2 / bar 

Fig. 7. Calculated partial pressures (Pi) of the equilibrium 
Si3N~qiquid in dependence on the partial pressure of  N2: molar 

ratio MgO/SiO 2 = 2. 

Temperafure / K 
500 2~00 2300 2200 2100 2000 1900 1800 

2 . . . . .  ~z 

-16 

' s i0  ' t,.5 5.5 

Temper0fure "1/10 -/~ K "1 

Fig. 8. Calculated partial pressures (p~) of the gaseous species 
in the system Si -Mg-N-O for the equilibrium Si3N 4 SizN20 

Mg2SiO4-gas: PN total pressure = 50 bar. 

considered gaseous species. The calculation was 
carried out for a total pressure p = 50 bar. 

As expected, the partial pressures of SiO and Mg 
are somewhat higher in the case of neglecting the 
liquid phase, but the latter results are sufficiently 
exact if only the tendency of the gaseous phase 
composition is of interest. 
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4 Applicalion 

The calculated equilibria were used for the interpre- 
tation of the microstructure and high-temperature 
performance of Si3N4-ceramic materials. It is 
assumed that the calculated results are also valid for 
the multigrain junctions and the grain boundaries 
between two grains. This assumption seems to be 
reasonable because the creep behaviour of Si3N4- 
ceramics can be explained in terms of glasses.13 

Sintering experiments were carried out in a gas 
pressure furnace at 1850°C and 50bar nitrogen 
pressure. The details of the sample preparation and 
of the analysis are given in Ref. 14. SRBSN (sintered 
reaction-bonded silicon nitride) and SSN (sintered 
silicon nitride) materials were investigated. 

The sintering experiments at various tempera- 
tures show that the aspect ratio of the grains 
increases with increasing temperature (see Fig. 9). 
This effect is caused by the higher solubility of Si3N 4 
in the liquid phase at higher temperatures. At 
1750°C (2023 K) the solubility is 42.4wt% and at 
1850°C (2123 K) it is 52.2wt% for the molar ratio 
MgO/SiO2 =2  (see Fig. 2). This will affect the 
viscosity of the liquid phase. The viscosity will be 
increased by higher concentration of SiaN4 in the 
melt, whereas the higher temperature decreases the 
viscosity. 

The temperature dependence of the viscosity (q) 
can be described with an energy of activation in the 
range 670-900kJ/mol for internal friction 15 and 
creep1 a of hot-pressed silicon nitride. The change of 
logq caused by increasing the temperature from 
1750 to 1850°C is in the range -1"8 to -2"5. The 
increase of the viscosity (log ~/) due to the increasing 
nitrogen content from 50 to 65 equivalent % is about 
2.16 It means that the viscosity of the liquid phase 
will remain approximately constant. But the amount 
of the liquid phase increases with increasing 
temperature. For example, a material with 4wt% 

14 

O 
12 

t ~  

i i i 

1750 1800 1850 

TEMPERATURE/*C 

o.5 

Z 

.-4 
7: 

X 
0.4 z 

0.3 ~_ 
Z 
0"1 

" l :  
3 

Fig. 9. Dependence of the maximal measured aspect ratio and 
mean grain size on the sintering temperature (SRBSN; 

isothermal sintering time, 90 rain). 

Table 6. Composition and properties of SRBSN- and SSN- 
materials after sintering at 1 850"C (nitrogen pressure: 50 bar, 

sintering time: 90min) 

Material Content (wt%) Three-point bending strength 
(a3B/MPa) 

Mg 0 
Room 1200 ° C 

temperature 

SRBSNI 1'8 0-6 790 __+ 60 509 ___ 50 
SSNI 3-3 3"2 730+70 421 +50  
SSN2 3-2 0.8 745 + 70 545 + 50 

MgO and 3 wt% S i O  2 contains 12 wt% liquid phase 
at 1750°C (2023K) and 14-5wt% liquid phase at 
1850°C (2123 K) (see Fig. 2). 

The composition and the amount of the liquid 
phase will also alter during sintering due to the 
evaporation of sintering aids. The calculation shows 
that up to the molar ratio MgO/SiO 2 = 2 the partial 
pressure of silicon monoxide is higher than of the 
atomic magnesium (see Fig. 6). Using MgO in the 
powder bed it is possible to avoid the evaporation of 
magnesium, but the evaporation of SiO is ac- 
celerated by the reducing atmosphere (carbon heater 
and crucible during the sintering process. 17 These 
processes are more important for the preparation of 
SRBSN than for SSN because the densification of 
reaction-bonded silicon nitride occurs at higher 
temperatures in comparison with SSN.14 

The end of the crystallization which occurred 
during cooling after the sintering process depends 
on the molar ratio MgO/SiO2, The crystallization 
process of fl-SiaN 4 finishes within the glass-forming 
region in the system Si-Mg-N-O near the ternary 
eutectic point (Si3N 4, SiEN20, Mg2SiO4). If the 
molar ratio MgO/SiO2 is higher than 2 the crystalliz- 
ation is stopped at the ternary eutectic point (SiaN4, 
Mg2SiO4, MgSiN2) outside the glass-forming 
region. The high temperature performance is 
influenced by those different endpoints of crystal- 
lization. Table 6 shows that the bending strength (at 
1200°C) of the material SSN2 with a low oxygen 
contents is about 30% higher in comparison with 
the material SSN1 which has a higher oxygen 
content. Also the SRBSN material with low Mg and 
oxygen contents has higher strength at 1200°C. 

5 Conclusions 

The presented calculations of the pseudoternary 
system SiaN,,-Si2NzO-Mg2SiO 4 show that the data 
set, including the model for description of the Gibbs 
free energy of the liquid phase is consistent with the 
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known experimental results. The calculated results 
are suitable for better understanding of high- 
temperature performance of Si3N 4 materials with 
MgO additives and they allow prediction of optimal 
sintering and recrystallization conditions. 
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