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New ternary nitride ceramics: CaSiN2 

W. A. GROEN,  M. J. K R A A N ,  G. DE WITH 
Philips Research Laboratories, P.O. Box 80000, 5600 JA, Eindhoven, The Netherlands 

The synthesis of CaSiN 2 powder, starting from metal nitrides, is described. Fully dense CaSiN 2 
ceramics can be sintered from the prepared powder at 1700~ The samples were sintered in a 
closed Mo vessel to prevent evaporation of calcium nitride. The phase composition, and the 
chemical and mechanical properties of the as-prepared ceramics are described. The thermal 
conductivity at room temperature was evaluated as 2.4 Wm -1 K -1 . A reasonable strength of 
179 MPa and a fairly good fracture toughness of about 2.1 MPam ~/2 were found. A hardness 
of 9.6 GPa and a Young's modulus of 174 GPa were measured. The value of the relative 
dielectric constant was measured as 13.3. The bandgap for CaSiN 2 at room temperature was 
estimated from diffuse-reflectance spectra to be 4.5 eV. Considerable improvement in the 
properties are expected when the processing conditions which is well within reach are 
optimized. 

1. In troduct ion  
Interest has recently focused on nitride ceramics be- 
cause they combine high thermal conductivity with 
high electrical resistance at room temperature. As 
discussed by Slack [1], there are only a few materials 
with a high electrical resistance at room temperature 
and a thermal conductivity at ambient temperatures 
which is in excess of 1 W i n - 1  K-1.  Most of these 
materials are compounds which crystallize in a dia- 
mond-like structure, for example BeO, SiC and A1N. 
In all of these structures the atoms are tetrahedrally 
coordinated. In these compounds, the heat flow is 
primarily carried by phonons. As a result, the thermal 
conductivity of these materials is largely dependent on 
impurities due to phonon scattering. 

In addition to the binary compounds noted above, a 
number of ternary compounds also crystallize in a 
diamond-like structure. BeSiN 2 and MgSiN 2 crystall- 
ize in an orthorhombic structure, which is derived 
from the Wurtzite structure [2, 3]. The hexagonal 
structure is distorted because of the presence of two 
metal atoms and because of displacement of the 
nitrogen atoms from their ideal positions in the 
Wurtzite structure, l SN-nuclear magnetic resonance 
(NMR) experiments on a 15N-enriched MgSiN2 
sample indicated a complete ordering of the Mg and Si 
atoms [4]. The bandgap for MgSiN 2 is reported to be 
4.8 eV when calculated from diffuse-reflectance spec- 
tra [5]. Recently, we reported a preparation of fully 
dense MgSiN2 ceramics [-6]. The thermal conductivity 
of these samples at room temperature has been estim- 
ated as 1 7 W m - Z K  -~. A reasonable strength of 
270MP a  and a fairly good fracture toughness 
of about 4.3 M P a m  1/2 were obtained. A hardness of 
about 15 GPa  and a Young's modulus of 235 GPa  
were measured. These data indicate that MgSiN 2 
ceramics have promise as heat-sink materials if the 
thermal conductivity can be increased further. 

These promising results for MgSiN 2 indicate that it 
could be worthwhile to investigate other ternary nitri- 
des. An obvious choice is CaSiN 2. The crystal struc- 
ture of CaSiNz is still unknown, but is probably 
related to a diamond-like structure. In this paper we 
present the preparation of a CaSiN z powder and 
ceramics starting from the binary nitrides. The phase 
composition, thermal stability, microstructure and 
mechanical properties of the as-prepared ceramics are 
reported. An investigation of the phase system 
C a - S i - N  was first reported by Laurent [-7]. Three 
ternary phases were observed: CaSiN 2, CasSizN 6 and 
Ca4SiN 4. For  CaSiN 2 (a grey powder) only the d- 
values, as observed from a Debye-Scherrer diagram, 
were reported. The density had been measured to be 
3030 kgm -3. Thermal decomposition of CaSiN 2 is 
reported to start at 1300 ~ due to the high vapour 
pressure of Ca. Pugar et al. [8] described a new phase 
with about 80% purity for a phase using a 1:1 
calcium-nitride:silicon-nitride starting mixture. This 
phase crystallizes in a face-centred-cubic lattice with a 
lattice constant of 1.4864 nm. Cubic face centring has 
been confirmed by electron diffraction. The crystal 
structure is reported not to be isotypic with any 
known mineral oxide [8]. 

2. Experimental procedure 
The synthesis of the CaSiN 2 powder was performed 
starting from Ca3N z (Cerac, 99.9%) and amorphous 
Si3N 4 (Sylvania, SN402). A stoichiometric mixture of 
the powders was mixed in an agate mortar. This 
mixture was loaded into an alumina crucible, which 
was.placed in a stainless-steel tube. The stainless-steel 
tube was sealed mechanically to prevent the evapor- 
ation of Ca3N 2. The tube was subsequently fired in a 
nitrogen flow, for 16 h at 1250 ~ to prevent corrosion 
of the container. To minimize oxygen contamination, 
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the handling of the starting materials was performed 
in an argon-filled glovebox. The resulting powder was 
milled using an agate ball mill in hexane for 24 h. The 
particle-size distribution of the as-prepared and of the 
milled powder was measured with a Shimadzu SA- 
CP4 centrifugal particle-size analyser. 

From the resulting powder mixture, pellets were 
pressed (diameter ~ 30ram, thickness ~ 4-6ram)  
using a PMMA (polymethylmethacrylate) die at 
5 MPa. These pellets were subsequently cold- 
isostatically-pressed at 200 MPa. The resulting relative 
density of the green compacts was ~ 50%. The pellets 
were placed in a molybdenum vessel which was closed 
using arc welding in an argon ambient at a pressure 2 
x 104 Pa. The vessel was heated in a hydrogen/ni- 
trogen ambient (7% Ha) in a horizontal tube furnace. 
The heating rate was 20 ~ min-  1 to the set point of 
1700 ~ The sample was kept at this temperature for 
5 h and it was cooled to room temperature at a rate of 
3 ~ min 1 

Phase identification was carried out by means of 
X-ray diffraction (XRD) analysis (Philips PW1800 
diffractometer) using monochromatized Cu-K~ radi- 
ation. For  elemental analysis, a ceramic sample was 
dissolved in a Na2CO 3 melt. Calcium and silicon were 
analysed using inductively coupled plasma-emission 
spectroscopy (ICP) after dissolving the melt in diluted 
HC1. The oxygen and nitrogen content was measured 
using a Leco TC 436 O2/N 2 analyser. 

Differential thermal analysis (DTA) was performed 
in order to investigate phase transformations and the 
thermal-resistance-to-oxidation of the powder. The 
measurements were performed using a home-built 
apparatus with a twin-thermocouple configuration, in 
dry flowing air at ambient pressure. 

The density, d, of the samples was determined by the 
Archimedes method. The longitudinal wave velocity, 
vl, and the shear wave velocity, Vs, were measured at 
10 and 20 MHz, respectively, using the pulse-echo 
method. From d, vl and vs, the Young's modulus, E, 
and the Poisson's ratio v, were calculated with the 
usual formula for isotropic materials. No correction 
for damping was applied since the loss tangent was 
less than 0.05 [9]. The standard deviation in the 
Young's modulus was estimated to be about 2 GPa. 

The Vickers hardness, /-/v, was measured on a 
polished specimen. A load of 20 N was applied for 
about 15 s. The average sample standard deviation, 
using five readings, was about 1.6 GPa. 

The fracture toughness, Kic, was measured in a dry 
N 2 gas atmosphere ( ~ 200 p.p.m. V H20) (dew point: 

- 36 ~ with a three-point-bend test, (span 12 mm, 
crosshead spread 10mmmin -1) using a specimen 
measuring 1 x 3 x 15 mm 3. A notch with a relative 
depth of about 0.15 and a width of 100 gm was sawn 
into the specimen. Precracking was a Knoop indenta- 
tion (10 N load) at the notch root on both sides of the 
specimen. The compliance factor was calculated as 
described in [10]. Small specimen s make efficient use 
of the available material while retaining reliability and 
accuracy [11]. Five specimens were used for the K~ 
determination, resulting in an average sample stand- 
ard deviation of 0.1 M P a m  1/2. The strength was 
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measured in the same bending set-up. Samples were 
sawn with a 100 gm diamond wheel. Seven specimens 
were used, resulting in a sample standard deviation of 
20 MPa. 

Thermal-diffusivity measurements were carried out 
using a photoflash method, which is described in detail 
by S611ter and Gfither [12]. The thermal-expansion 
coefficient was determined in N 2 in the temperature 
range from 20-600 ~ using a 1 cm long specimen in a 
dual-rod dilatometer (Netsch). As a reference, a fused 
silica sample with an expansion coefficient of 0.55 
• 10 -6 K -1 was used. 

The bandgap for CaSiN 2 at room temperature was 
estimated from diffuse-reflectance spectra. 

3. Results 
The reacted powder was white. XRD results indicated 
that the powder is nearly single-phased CaSiN/. The 
XRD pattern of the powder is presented in Fig. 1. For  
the purposes of comparison, the pattern according to 
[8] is also presented in Fig. lc. The other phases 
which were observed are unidentified. Due to the 
presence of these phases, all attempts to solve the 
crystal structure using X-ray powder diffraction are as 
yet unsuccessful. The unit-cell parameters are pre- 
sented in Table I. In order to allow comparison, pre- 
viously reported unit-cell data are also given [8]. 

The results of the analysis of the oxygen and ni- 
trogen contents are presented in Table II. The rela- 
tively large amount of oxygen found can be attributed 
to oxygen contamination in the amorphous Si3N 4 
which was used. 

To ascertain that no significant amount of oxygen 
was incorporated in the crystal structure, which would 
result in a superstructure, some CaSiN 2 powder was 
prepared from high-purity crystalline Si3N4 powder 
(Cerac, 99.9%). No change was observed in the XRD 
pattern, indicating a similar crystal structure to oxy- 
gen-rich CaSiN2. No fully dense ceramics could be 
prepared from this powder, probably due to the broad 
range in particle sizes and a relatively large particle 
size. 

DTA measurements performed on the powder 
showed no signal at temperatures up to 750 ~ This 
demonstrates that no phase transitions occur in the 
crystal structure. Starting from 750 ~ a large signal 
was observed, this originated from the oxidation of the 
sample. 

Particle-size analyses of the powder dispersed in 
ethanol showed the existence of relatively large par- 
ticles ( > 6 gm). The powder was therefore milled for 
24 h in hexane to obtain a narrower range in the 
particle-size distribution. SEM micrographs of the 
prepared powder, showing agglomerates of CaSiN 2 
particles, are shown in Fig. 2. The particle-size dis- 
tribution after milling are presented in Fig. 3. 

The ceramic samples prepared from the milled 
powder had a light grey colour. The density of the 
pellets varied between 3030 and 3080 kgm -3. The 
theoretical density can be calculated as 3137 kgm -3 
using the reported cell parameters [8] and the number 
of atoms per unit cell Z = 64, indicating that nearly 
full density has been achieved (96.5-98.2%). The XRD 



2.70 

e -  

2.43 

2.16 

1.89 

1.62 

1.35 

1.08 

0.81 

0.54 

0.27 

0.00 
10 2'0 
(al 

3O 

2.7 

,q, 

4o ~b 
20 (deg) 

6'o 7o 80 

e"' 2.4 

2.1 

1.8 

1.5 

1.2 

0.9 

0.6 

0.3 

0.0 
10 

(b) 

20 30 60 70 80 40 50 

20 (deg) 

1 O0 
80 
60 
40 
20 o , ,, I , I f , l , l , , ,  Ill I, Ill i I , , ,  , i I  , I . . 

10 20 30 40 50 60 70 

(c) 20 (deg) 

Figure I The XRD patterns of (a) the CaSiN 2 powder, (b) the ceramic CaSiN 2 sample, and (c) the pattern according to [8]. 
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T A B L E  II Compositions of the powder and ceramics (standard 
T A B L E  I Unit-cell parameters of CaSiN 2 powder and ceramics, deviation is given in parentheses) 
literature data are included 

Element Powder (wt%) Ceramic sample 
Sample a (nm) Volume (wt%) 

(X 10 -30 m 3) 

Ca - 42(2) 
CaSiN 2 [8] 1.4864 3284.0 Si - 28(1) 
As-prepared powder 1.4869 3287.3 N 25(1) 22(1) 
Ceramics 1.4895 3304.6 O 5.4(0.3) 7.1(0.3) 

Theoretical 
(wt%) 

41.7 
29.2 
29.1 

0 
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Figure 2 SEM micrographs at two magnifications of the unmilled 
as-prepared powder, showing agglomerates of CaSiN 2 particles. 

Figure 4 SEM micrographs at two magnifications of the fracture 
surface of the sintered ceramic CaSiN2 sample. 
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Figure 3 The particle-size distribution of the CaSiN 2 powder after 
24 h milling in bexane. The median diameter is 1.91 gm and the 
modal diameter is 2.34 gm. 

pattern of a ceramic sample is also presented in 
Fig. 1. The lattice constants are given in Table I. The 
other phases observed in the sample are mainly 
Ca3Si204N 2 [13]. The results of the analysis of the 
metal, oxygen and nitrogen contents are presented in 
Table II. The oxygen content of the ceramic sample 
was slightly higher than that of the powder. Pre- 
sumably some oxidation or moisture pick-up occurred 
during h~indling. 

The grain sizes and the morphology of the second 
phases of the sintered samples was examined by scan- 
ning electron microscopy (SEM). Fig. 4 shows SEM 
micrographs of a fractured sintered sample at different 
magnifications. The micrographs indicate that nearly 
full density had been achieved, but they also show a 
substantial amount of secondary phases. Large crys- 
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tals were sometimes observed; they possibly consist of 
Ca3Si204N 2 [13]. 

In order to obtain more detailed information about 
the microstructure, some of the pellets were polished 
and etched. SEM micrographs for a sample which was 
etched for 20s in a 1% HF solution in water are 
shown in Fig. 5. The micrographs still show some 
porosity. 

Measurements of the thermal diffusivity, l, on 
four samples resulted in an average value of 
1.06(6) mm 2 s-1. The thermal conductivity, k, can be 
estimated from this value using 

k = ldCp  

Using the known Cp value, where Cp denotes the heat 
capacity, for A1N of 7 3 8 J k g - l K  -1 [14] and the 
measured density, d, the thermal conductivity was 
estimated to be 2 .4 (0 .1 )Wm-IK -1. The results for 
the measurements of the hardness, Hv, the fracture 
toughness, K~c, and the strength, are presented in 
Table III. For purposes of comparison, the reported 
mechanical properties of A1203, A1N and MgSiN 2 are 
also presented. The elastic properties are presented in 
Table IV. Again, literature data for A1203, A1N and 
MgSiN2 are also included. 

The relative dielectric constant, er, was measured on 
a ceramic sample at room temperature using an L C R  

meter (HP4275A). On both sides of the sample a thin 
( ~ 250 nm) silver layer was deposited by sputtering. 
The measurements were performed between 10 kHz 
and 10 MHz. The value of the relative dielectric con- 
stant was measmed as 13.3 at 10 MHz. This value is 
slightly higher than the value for A1N [15] (9.1) and 



Figure 5 SEM micrographs ofa  CaSiN 2 ceramic sample which was 
etched for 20 s in an aqueous solution of 1% HF. 

T A B L E  II I  Mechanical properties of CaSiN 2 ceramics (the 
standard deviation and the number of measurements used are given 
in parentheses; and the properties for MgSiN2, A1N and A120 3 are 
also presented for comparison) 

Sample H v (GPa) Kit (MPam 1/2) cr (MPa) 

CaSiN 2 9.6(0.2, 5) 2.1(0.1, 5) 179(13, 7) 
MgSiN z 14.2 [6] 4.363 [6] 276[6] 
A1N 12117] 2.7118] 340117] 
AI20 3 19.5119] 4 5119] 450117] 

for MgSiN2 (10.5) [6]. The bandgap for CaSiN 2 at 
room temperature was calculated, from diffuse- 
reflectance spectra, to be 4.5 eV. The thermal ex- 
pansion of a CaSiN 2 sample as a function of temper- 
ature was measured in N 2. The thermal-expansion 
coefficient, cz, over the temperature range from 
20-600 ~ was measured to be 7.6 x 10 - 6  K -  1 

T A B L E I V Elastic properties and the characteristic parameters, R and 
MgSiNz, AIN and A1203 are also presented for comparison) 

4. Discussion 
The value of the thermal conductivity, k, of 
2.4 W m-  1 K -  1 is significantly lower than for MgSiN 2 
ceramics (17 W m - t  K-1).  This is expected to be due 
to the increased ionic character (calculated using 
Sanderson's model [16]) for CaSiN 2 (36%) compared 
with MgSiN/(32%). Also, the higher atomic weight of 
Ca compared to Mg will result in a lowering of the 
thermal conductivity. Finally, the differences in crystal 
structure between CaSiN 2 and MgSiN 2 may cause a 
difference in the thermal conductivity. Because of the 
presence of secondary phases as well as oxygen con- 
tamination, it is expected that the thermal conductiv- 
ity can be increased considerably by optimizing the 
powder preparation and processing and by using 
better-quality precursor materials. 

The hardness, fracture toughness and the Strength 
measured for CaSiN 2 ceramics are all lower than 
those observed for MgSiN 2 ceramics. However, reas- 
onable values are obtained compared to A1N. The 
value of Young's modulus, even corrected for porosity, 
is significantly lower than for A120 3 and A1N. On the 
other hand, a relatively low value of Young's modulus 
has also been observed for MgSiN2 [-6]. 

The thermal-shock resistance of ceramics can be 
conveniently characterized by the parameters: 

R = cI(1 -- v)/Eo~ (1) 

R' = k n  (2) 

where the variables have the meanings defined earlier. 
The parameter R characterizes a material's resistance 
to thermal shock for high-heat-transfer conditions. 
The parameter R' does the same, but for mild-heat- 
transfer conditions. From the experimental data, the 
parameters R and R' were calculated and they are 
given in Table IV. For the purpose of comparison, the 
values calculated for MgSiN2, A1N and A120 3 are 
also given. From Table IV it can be concluded that the 
thermal-shock-resistance parameter, R, for CaSiN 2 is 
comparable to that for A1203, but it is lower than for 
MgSiN2 and A1N. However, due to the low thermal 
conductivity of CaSiN 2, the thermal-shock resistance 
for mild-heat-transfer conditions, R' is significantly 
lower than for other ceramics. 

5. Conclusions 
In this paper, we have presented the preparation of a 
new ternary nitride ceramic, CaSiN 2. Nearly fully- 
dense material could be prepared by sintering in a 

R', for the thermal-shock resistance of CaSiN 2 ceramics (the data for 

Property CaSiNz MgSiN2 AlzO 3 A1N 

o (MPa) 179 240-270[6] 450 [17] 340 [17] 
E (GPa) 174 235 [6] 398 [19] 315 [20] 
v 0.255 0.232 [6] 0.235 [t9] 0.245 [19] 
0r ( x 10 -6 K-~)~ 7.6 5.8 [6] 7.9 [21] 4.8 [21] 
k (Wm 1K-a)  2.4 17 [6] 20 [19] 150 [22] 
R (K) 100 130 150 110 170 
R' (kW m - 1) 0.24 2.2-2.5 2.2 25 

a Measured between 20 and 600 ~ 
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closed Mo vessel. The thermal conductivity was estim- 
ated as 2 . 4 W m  - 1 K  -1. A reasonable strength of 
179MPa, a fairly good fracture toughness of 
2.1 M P a m  ~/2 and a hardness of 9.6 GPa  were ob- 
tained, while a relatively low Young's modulus of 
174 GPa  was observed. The value of the relative di- 
electric constant was measured as 13.3. The bandgap 
for CaSiN 2 at room temperature was estimated from 
diffuse-reflectance spectra as 4.5 eV. 

These data, together with those for MgSiN z [6], 
indicate that ternary nitride ceramics have promising 
properties which warrant further optimization. 
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