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Abstract 

Dense Si3N4-TiN composites, with the second phase 
ranging from 20 to 40 vol.%, were produced by hot 
pressing, gas-pressure sintering and pressureless 
sintering under nitrogen gas atmosphere. The in- 
fluence of  densification technique and parameters and 
of  amount and grain size of  TiN particles on 
microstructure, mechanical properties, electrical 
resistivity and oxidation resistance was evaluated. The 
addition o[" TiN particles increases the stiffness and 
the fracture toughness of the base material. For TiN 
content higher than 30 vol.% the electrical resistivity 
of the composites is less than 10-3 12cm. An evident 
effect of the grain size distribution of TiN powders on 
some mechanical properties was ascertained. The 
thermal stability of  the composites is strongly affected 
by the amount of the second phase. 

Des composites Si3N4-TiN denses, dont la seconde 
phase reprksente 20 gt 40% en volume, ont btb produits 
par frittage sous charge, frittage sous pression de gaz 
et frittage naturel sous atmosphkre azote. On a bvalub 
l'influence de la technique et des paramktres de 
densification, de la quantitb et de la granulomktrie des 
particules de TiN, sur la microstructure, les propribt~s 
mkcaniques, la r~sistivit~ ~lectrique et la r~sistance gt 
l'oxydation. L'addition de particules de TiN augmente 
la duretb et la tknacitk du matkriau de base. Pour une 
teneur en TiN supkrieure ~ 30% en volume, la 
rksistivitb klectrique des composites est infbrieure h 
10- 3 f2 cm. L'effet de la distribution granulombtrique 
des poudres de TiN sur quelques propribtbs mbcani- 
ques est mis en kvidence. La stabilitk thermique des 
composites est fortement influencbe par la quantitb de 
seconde phase. 

Dichte Si3N4-TiN Verbundwerkstoffe mit einem 
Anteil yon 20 Vol.% bis 40 Vol.% an TiN wurden 
mittels Heiflpressen, Gasdrucksintern und drucklosem 
Sintern unter Stickstoffatmosphdre hergestellt. Der 
Einflufl des Sinterverfahrens, der Versuchsparameter 
und des TiN-Anteils und der TiN-Korngr6fle auf 
das Gefiige, die mechanischen Eigenschaften, die 
elektrische Leitfiihigkeit und die Oxidations- 
bestiindigkeit wurde untersucht. Die Zugabe des TiN 
erh6ht die Steifigkeit und die Bruchzgihigkeit des 
Ausgangsmaterials. Bei einem Anteil, der 30 Vol.% 
TiN iibersteigt, liegt der elektrische Widerstand des 
Verbundwerkstoffs unter 10 -3 (2cm. Ein direkter 
Einflufl der Korngr6flenverteilung des TiN-Pulvers 
auf einige mechanische Eigenschaften konnte nachge- 
wiesen werden. Die thermische Stabilitiit der 
Verbundwerkstoffe hiingt stark vom Anteil der 
zweiten Phase ab. 

1 Introduction 

83 

The need for improvement in the mechanical 
reliability of silicon nitride has recently led to the 
development of high-strength and high-toughness 
ceramics, such as whisker-reinforced or particulate- 
reinforced ceramics. 1 -5 The degree of toughening is 
strongly affected by the shape of the dispersoids, 
whiskers being several times more effective than 
equiaxed particles; owing to process problems, to 
reliability problems and to the cost of whiskers, 
however, increasing attention is being devoted to 
particulate additions. 

This approach has stimulated the development of 
reinforced ceramics with an electrically conductive 
second phase, 6-12 which have been considered 
recently for specific applications in the field of 
heaters, igniters and heat exchangers and also for 
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complex-shaped mechanical components. Among 
the second phases, nitrides (TIN), borides (TiB2, 
ZrB2) and carbides (TIC), whose resistivity is in the 
range 1.4-5.3 x 10-SDcm, can be employed. The 
new type of composite has two main advantages: the 
first is the possibility of using electrical discharge 
machining (EDM) 8'13'14 to manufacture complex 
shapes, the second is the availability of materials 
suitable for high-temperature heaters and igniters. 
The electrical conductivity of these materials is 
directly dependent on the size and amount of the 
conductive particles. Obviously the second-phase 
reinforcement should allow retention or improve- 
ment of the mechanical properties of the base-line 
material at room temperature as well as at high 
temperature. 

This study is devoted to Si3N4-TiN composites 
and compares the microstructure development and 
the properties in relation to the sintering process. 
Because the development of microstructure is in- 
fluenced by processing and by the physico-chemical 
interactions of constituents during sintering and 
because the properties are strictly related to the 
grain size of the dispersoids, TiN powders with 
two different grain size distributions were used. 
Moreover, electrical discharge machining tests were 
performed and the treated surfaces were charac- 
terized. 

2 Experimental Methods 

2.1 Materials and methods 
Si3N 4 (LC12, Starck, FRG) and TiN (grade C, 
Starck, FRG) commercial powders were used. 
Silicon nitride powders and sintering aids (3 wt% 
A120 3 (Alcoa A16 S.G., USA) and 8wt% Y203 
(Rhone-Poulenc, France)) were homogenized in 
water for 48 h and then freeze-dried. The second 
phase, ranging from 20 to 40 vol.%, was added to the 
mix and homogenized in isobutyl alcohol. Green 
bodies for gas-pressure sintering and for pressureless 
sintering were produced by cold isostatic pressing 
and the values of the green densities (~60%) 
resulted independently from the presence and 
amount of TiN. Samples were sintered using three 
different densification methods: 

(a) hot pressing (HP) under vacuum at T=  
1800°C and P =  30MPa; 

(b) pressureless sintering (PS) in N z atmosphere 
at temperatures of 1850°C for 60min, em- 
bedding the samples in a protective bed; 

(c) gas-pressure sintering (GPS) at T=  1800°C 
(cycle A) and T =  1850°C (cycle B) both for 

60min; in these cycles the N 2 pressure was 
held at 0.3 MPa during the ramp and for the 
first 30min of the soaking time and then 
raised up to 5 MPa for the rest of the cycle. 

As a reference, a monolithic Si3N 4 sample was 
produced by hot pressing at 1750°C for 30min. 

On the sintered bodies, densities were measured 
by the Archimedes technique. A theoretical value of 
3.28 g/cm 3 was taken for the base-line matrix; for the 
composites, the values were calculated with the rule 
of mixtures assuming that no reaction takes place 
between the SiaN 4 matrix and the second phase. 

Microstructural characteristics were studied 
through X-ray diffraction, scanning electron micro- 
scopy (SEM) and microanalysis. Electrical resistivity 
(p) was measured by a four-probe method. The 
current intensity, supplied by a Keithley current 
source Mod. 220, was held under 10mA to 
avoid Joule effects. The potential was measured 
with a Keithley Nanovoltmeter Mod. 181. The 
Young's modulus (E) was measured on samples 
0.8 mm x 8.0mm x 28 mm by the frequency re- 
sonance method. 15 The flexural strength (a), or 
modulus of rupture (MOR), was measured on 
samples 3 mm x 3 mm x 30mm in a four-point 
bending fixture, 26 mm as outer span and 13 mm as 
inner span, with a crosshead speed of 0.5 mm/min. 
The bars were machined lengthwise with a resin- 
bonded diamond wheel of 100-grit size. The last 
0.1 mm of thickness was removed at 4pm/pass. 
Chamfering of the edges was done in the same way. 
The fracture toughness (K~¢) was evaluated by the 
direct crack measurement (DCM) method with a 
load of 98 N in a hardness tester Zwick 3112 using 
the formula proposed by Anstis et al. 16 On the same 
apparatus the Vickers microhardness (H v 0.5) has 
been measured on polished surfaces with a load of 
4.81N. 

The thermal expansion coefficient (~) was measu- 
red using a Netszch dilatometer in a temperature 
range 20-1000°C with a heating rate of 5°C/min. 
Oxidation resistance (W/S) was evaluated on square 
samples (10mm x 10mm x 10mm), polished on one 
surface, at 500-1400°C in air for 30 h. The weight gain 
was continuously recorded by a TG-DTA appara- 
tus (PL Thermal Sciences, Epsom, UK) and the 
oxidized surface was characterized by XRD and 
SEM. 

2.2 Optimization of TiN grain size distribution 
In a first set of experiments, TiN powders were used 
as received from the producer; it was then observed 
that large TiN aggregates in the range 50-300pro 
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(a) 

(a) 

(b) 

(b) 
Fig. 1. Morphology of the TiN powder (a) before and (b) after 

the settling treatment. 

(Fig. l(a)) were the failure origins in most of the 
flexural strength tests. Therefore a control  of the 
grain size has been done by sedimentation. 17 
Particles with grain sizes lower than 5/~m were 
obtained by a series of settlings of powder suspen- 
sions at low concentration (10wt%) using as 
dispersing media a mixture of ethanol/ethylene 
glycol in an ultrasonic bath. 

The morphology and grain size of the TiN powder 
after this treatment are shown in Fig. l(b). 

3 Results and Discussion 

The experimental results are collected in Table 1. 

(c) 
Fig. 2. Morphology of polished surfaces of a 30% TiN 
composite with (a) coarse TiN powder and (b) fine TiN powder. 
In (c) a large TiN agglomerate in a composite with coarse TiN 

powder is shown. 
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(a) 

3.1 Microstructure 
Grain size and distribution of TiN particles in the 
composites produced with coarse and fine powder 
are shown in Fig. 2(a) and (b) (polished surfaces) 
respectively. In the frst case, TiN particle sizes range 
from ~ 0.2 to ,~ 7 pm but also some large aggregates 
are present (Fig. 2(c)). In the second case, TiN grain 
sizes range from ~ 0.2 to ~ 3 #m and no large TiN 
particles were found. 

The influence of sintering methods and para- 
meters on the microstructure is shown in Fig. 
3(a)-(c). By hot pressing, a fine and homogeneous 
Si3N4-grain microstructure is obtained. By sintering 
with or without gas pressure, the higher tempera- 
tures and the longer soaking times, which are 
necessary to obtain high densities, promote pro- 
nounced grain growth and a prismatic morphology 
in the fl-Si3N 4 phase. HP and GPS composites are 
fully dense; the PS samples in contrast contain some 
porosity (see Table 1). The analysis of the matrix 
crystalline phase shows complete ~-~/%Si3N 4 con- 
version and, only in HP samples, the presence of a 
low amount of Y2TiOs. 

(b) 

3.2 Electrical resistivity 
The electrical resistivity of the composites (Table 1 
and Fig. 4) decreases with increasing amount of 
dispersoids and reaches a minimum (3.5 x 10 -4 

cm) in the 40% TiN composite produced using 
fine TiN powder and gas-pressure sintering as 
densification method, 

The electrical resistivity is governed by the 
formation of chains of electroconductive particles 
and is therefore linked to the grain size and 
distribution of the TiN. The effect is more evident at 

(c) 
Fig. 3. Fracture surfaces showing the different microstructures 
in a 30% TiN composite with fine TiN powder sintered by (a) 
hot pressing, (b) gas-pressure sintering and (c) pressureless 

sintering. 

? 
O 

O - .  

, ~°~ Jo 3s 4'0 
VOL°/o TiN 

Fig. 4. Electrical resistivity of the composites as a function of 
TiN content. C), Hot-pressed fine TiN; 0 ,  hot-pressed coarse 
TiN; "~ik-, pressureless-sintered coarse TiN; A, pressureless- 

sintered fine TiN; Fl, gas-pressure sintered fine TiN. 
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Table l .  Propert ies of  the tested materials  

Samplea Density p o HvO. 5 c E KIj  a 
(f2 cm) (GPa) (GPa) (MPam 1/2) ( × 10 -6 

(g/cm 3) (%) °C- 1) 

W/S d 
(mg/cm 2) 

O -c 

(MPa) 

Hot  pressing 
Si3N 4 3.28 100 3-6 x 1013 20 .7+0-9  305 4-8 ±0-5 3-25 
20TiNc 3'68 99.4 5.0 x 1011 17.8 ± 1-5 318 6.1 ± 0.4 4.42 
30TiNc 3.90 99.6 9.4 x 10- 2 19.2 ± 0.4 343 9.0 ± 1.0 4.68 
35TiNc 4-00 99.5 2.3 x 10 .3  18.4+0-1 354 9-6± 1.1 4.83 
40TiNc 4.10 99.4 8-4 x 10 4 15.2+0.3 358 6 .7±0 .8  5.80 
30TIN± 3.90 99.6 7.8 x 10- 3 16.3 ± 0.8 341 7.5 ± 0.8 5-05 
35TIN± 4.00 99.5 2 .6x  10 -3 16.3 ± 0.3 354 8.0 ± 0.6 - -  
40TIN± 4.12 99.7 9 .2x  10 -4 15.0 ±0-5  360 6 .3+0-4  - -  

Gas-pressure  sintering 
30TIN± e 3"88 99'0 8'7 x 10 .3  14'2 ±0 .7  342 6.7 ±0 .5  - -  
30TIN± 3.94 100 4"7 x 10 3 15"1 +0"3 342 7.3+0"1 - -  
35TIN± 4'01 100 8"5x 10 -4 14'1 ±0 .6  349 8 . 0 + 0 . 2  - -  
40TIN± 4"15 100 3"5 x 10 -4  14"7 ±0 .5  356 7-6 ±0 .6  - -  

Pressureless sintering 
30TiNc 3.82 97.6 4-7 x 10 2 11.1 + 0 ' 6  - -  - -  - -  
35TiNc 3.78 94.0 1.5 )< 10  . 3  11"3 ± 0 ' 6  - -  - -  
40TiNc 3"89 94"2 7'6 x 10 -4 9'7 ±0"5 - -  - -  - -  
30TIN± 3'64 94'1 4'1 x 10 -3 11"9±0"4 279 6"3 ±0"3 5"13 
35TIN± 3"86 96"0 1"6× 10 -3 11"7 ± 0 ' 3  - -  - -  5"21 
40TIN± 3-94 95"0 6'5 × 10 .4  11"5 ±0-5 298 6-7 ± 0 ' 8  5'50 

0 
0.44 
1.17 

1 "59 

895 ± 35 
545 ± 172 
613 ± 134 
585 ± 77 
5 2 9 ±  61 
889 ± 53 
925 ± 83 

1043 ± 21 

557 ± 60 
5 2 2 ±  77 
565 ± 39 
529 ± 45 

432 ± 50 
439 ± 73 
45l  ± 32 
645 ± 46 
664 ± 25 
6 8 0 ±  30 

TiNc = coarse TiN 
b See text for the explanat ion of  the symbols. 

Mean  + s tandard  deviation.  
d Weight  gain after  20 hours  at 1000°C. 
e Cycle A. 

low dispersoid contents (30vo1.%) where fine 
particles promote a more uniform distribution and 
consequently a better conductivity. In contrast, the 
presence of coarse particles can result in some breaks 
in the TiN particle chains, with direct influence on 
the resistivity. A linear relationship exists between 
resistivity and the amount of TiN only when TiN 
fine particles are used. Therefore it can be stressed 
that the second-phase grain size and dispersion 
influence the conductivity mechanism in the com- 
posites, in agreement with the results of previous 
studies, 11 where the spatial fluctuations of compo- 
sition were found to be the dominant factor for 
deviations of resistivity from a certain value which 
depends on the average volume fraction of the 
electrically conductive phase. 

A relationship is also shown between sintering 
atmosphere and conductivity: hot pressing is 
performed under vacuum, leading to the formation 
of some YzTiOs, causing a difference in conductivity 
between the HP composites and the others. Also an 
influence of the nitrogen pressure can be detected as 
the GPS composites exhibit the lowest values of 
resistivity. 

3.3 Mechanical characterization 
3.3.1 Young's modulus 
Regardless of the sintering route used, the modulus 

powder;  TIN±= fine TiN powder;  the n u m b e r  refers to the second-phase volume content .  

values of the composites, either with coarse or fine 
TiN powder, increase with increase in TiN content, 
this phase being stiffer than the matrix (Table 2). In 
the case of PS composites the values of Young's 
modulus are lower than expected due to some 
residual porosity. 

The upper (Voight) and lower (Reuss) bounds 18 
calculated for the composites together with experi- 
mental results for the HP materials with coarse TiN 
powder are reported in Table 2. The TiN Young's 
modulus was taken as 469 GPa. 19 The experimental 
values are close to the lower bound as reported in the 
literature for particulate composites. 2° The value of 
Young's modulus for the 20% TiN composite is 
below the lower limit. Since this material is 

Table 2. Exper imental  values of  Young ' s  modulus  compared  
with the upper  and  lower bounds  

Comp °site~ Eupr~r b Etower c geyperi ..... l d 
(Vol% TiN) (GPa) (GPa) (GPa) 

20 338 328 318 
30 354 341 343 
35 362 348 354 
40 371 355 358 

a Hot-pressed samples, coarse TiN powder.  
b Eupper = E1 V1 + E2 I"2. 
c 1/E~ . . . .  = v 1 / E 1  + Ve /E2 .  
d Calculated by resonant  frequency method.  
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completely dense (see Table 1), it is possible that 
this composite was spontaneously microcracked 
after the sintering cycle, due to the difference in 
thermal expansion between Si3N4 and TiN 21 
(3.25 × 10 -6 °C-1 and 8.0 x 10 -6 °C -1 respectively). 
For the system TiN-Si3N4, in fact, the critical 
dimension for spontaneous microcracking 22 is 
calculated to be 17 #m, that is, much lower than the 
size of the large agglomerates shown in Fig. l(a). For 
higher TiN content this effect is not observed, but in 
this case part of the TiN phase is continuously 
connected through the matrix as the electrical 
resistivity clearly indicates. In this situation, the 
number of single particles embedded in the matrix, 
and responsible for the spontaneous microcracking, 
is greatly reduced and the modulus values are in 
good agreement with the theory. 

3.3.2 Microhardness 
In the composites, the microhardness generally 
decreases with increase in TiN content, this phase 
being softer than the matrix. 21 The HP composites 
with coarse TiN powder are found to be harder than 
the corresponding materials with fine TiN powder 
(Fig. 5). In the composites with coarse second phase, 
part of the TiN content is concentrated in large 
agglomerates. These agglomerates are avoided 
during hardness tests so that the indentations are 
made in zones of material with TiN content lower 
than the nominal one, thus giving higher results. 

The hardness of the GPS composites as a function 
of TiN shows the same behaviour as in the HP 
materials: the introduction of the second phase 
makes the composite softer. Generally, the hardness 
values of the GPS materials are lower than the 
corresponding HP materials, since the micro- 
structure is finer in the latter and the hardness of 
Si3N4-based materials is known to have an inverse 
dependence on the grain size. 23'24 The hardness 
value of the composite sintered with cycle A is 

slightly lower than the corresponding composite 
sintered with cycle B, probably due to the small 
amount of the residual porosity (see Table 1). 

Being the most porous, the PS composites give the 
lowest values of hardness among all the materials. 
Here the hardness is the combined result of amount 
of the TiN phase and the residual porosity. In this 
case a unique trend of the hardness as a function of 
TiN content is not clear. 

3.3.3 Fracture toughness 
The fracture toughness of the composites increases 
with increasing TiN content to a maximum at 35% 
and then decreases. This behaviour is independent of 
the sintering route. The coarse HP composites are 
the toughest (Fig. 6 and Table 1), with all the other 
composites having similar toughness values. Different 
toughening mechanisms have been proposed for 
particulate composites: crack pinning, 25 crack 
deflections, 26 microcracking, 27 crack bridging 2s 
and residual stresses. 29 A number of these mechan- 
isms can be active at the same time, making it 
difficult to indicate a prevailing phenomenon. Crack 
deflection is definitely evident, as can be seen on the 
fracture surfaces (Fig. 7(a) and (b)), but the fact that 
coarse particles are more effective in toughening 
indicates that mechanisms such as stress-induced 
microcracking and crack pinning are more likely. 
Alternative causes for the lowering of the fracture 
toughness at 40% TiN can be proposed. If crack 
pinning is the main mechanism, it is possible that the 
toughening increment is not operating fully, due to 
the shorter interparticle distance, i.e. the crack 
crosses another particle before bowing com- 
pletely. 25 Alternatively, since the overall fracture 
toughness of a composite is determined by the 
toughening effect and the effective energy consumed 
for crack propagation, 3° it can be that for the 40% 
TiN composite the toughening mechanism is 
counterbalanced by the lower TiN fracture energy, 21 

25 

20 
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"1-10 

~{ I w 
i i .  

00 1'0 2'6 3b 4'0 50 6'0 
Ti N (vol%) 

Fig. 5. Vickers microhardness as a function of TiN content for 
the hot-pressed composites. A,  Hot-pressed Si3N4; O, coarse 

TiN; I ,  fine TiN. 

12 

E 8  

6 

2 

°o 2'0 3b 4'0 5b 
Ti N (vol%) 

Fig. 6. Fracture toughness as a function of  TiN content for the 
hot-pressed composites. A,  Hot-pressed Si3N4; 0 ,  coarse TiN; 

I ,  fine TiN. 
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Fig. 8. Room-temperature flexural strength as a function of 
TiN content for the hot-pressed composites. A, Hot-pressed 

Si3N4; Q, coarse T i N ; . ,  fine TiN. 

(a) 

(b) 
Fig. 7. Fracture surfaces of(a) a hot-pressed Si3N 4 matrix and 
(b) a 30% TiN composite with coarse TiN powder. Note the 
evident increase in surface roughness in the composite with 

respect to the matrix. 

MOR of  these composites is lower than that of  the 
matrix in spite of  the fracture toughness increment. 
When the fine TiN powder is used, the M O R  of  the 
composites is nearly the same as the matrix up to 
35% TiN and then slightly improved for a TiN 
content of  40%. The high improvement in fracture 
toughness obtained in these composites, where large 
agglomerates are not present, did not result in a 
comparable strength improvement. According to 
the Griffith equation, higher fracture toughness 
should correspond to higher strength at equal defect 
size. The M O R  values of  these composites as a 
function of the TiN content indicate that the critical 
flaw size is in someways related to the second-phase 
content. Increasing the second-phase content can 
reduce the critical flaw size when the interparticle 
spacing is less than the critical flaw size of the 
matrix, 34 but if the stress-induced microcracking is 
the active toughening mechanism in these com- 
posites, during the loading of the sample the initial 
flaw of  the material can subcritically grow by linking 

i.e. the crack propagates in the more brittle material. 
If stress-induced microcracking is the main reason 
for the toughening of  the composite, then micro- 
cracks coalescence ahead of  the main crack can 
reduce the toughness, as already observed in A120 3- 
ZrO 3 systems, 31 AlzO3-glass systems a2 and SiC- 
A120 3 systems. 33 

3.3.4 Flexural strength 
3.3.4.1 Room temperature. The room temperature 

flexural strength of  the HP composites is greatly 
influenced by the type of  TiN powder used (Fig. 8). If 
the as-received TiN powder is used, the larger TiN 
agglomerates act as fracture origins (Fig. 9) and the 

Fig. 9. A large TiN agglomerate that was the fracture origin in a 
30% TiN composite with coarse TiN powder. 
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with the microcracks formed ahead of its front. In 
the present case, therefore, the experimental strength 
of a composite is determined by its fracture 
toughness, its initial flaw size and the subcritical 
crack growth that can occur during the loading of 
the sample. 

Regardless of the sintering cycle used, the GPS 
samples have MOR values lower than the corre- 
sponding HP samples, due to their coarser micro- 
structure. The flexural strength in these composites 
is independent of TiN content in the range inves- 
tigated. Again, since their toughness changes, the 
defect populations must change with the TiN 
content as indicated above. 

In  the PS composites, the introduction of the as- 
received TiN powder weakens the composites with 
respect to those in which a finer powder is used, as 
already seen. Quite unexpectedly, the PS composites 
made with fine TiN powder are stronger than the 
corresponding GPS materials of higher density (see 
Table 1). It is likely that in these composites the 
stress-induced microcracking is not operating fully, 
since this Young's modulus of the matrix is reduced 
by the porosity and that influences the residual stress 
responsible for microcracking. 29 In this way. the 
critical flaw should have less possibility to link with 
stress-induced microdefects and its initial size is 
relatively unchanged. 

3.3.4.2 High temperature. Only the HP com- 
posffes with fine TiN powder were tested at high 
temperature. The results of this investigation are 
reported in Table 3. At 800°C the decrement in 
respect to room temperature is evident in all 
samples. At 1000°C the flexural strength of the 30% 
TiN composite is still decreasing, but for the 35 and 
40% TiN composites there is a slight improvement 
even if the latter value is associated with a very large 
scatter in experimental results. At 1000°C the MOR 
of these two composites is almost the same as the 
matrix (Table 3). 

The MOR difference between room temperature 
and high temperature may arise from the relief of 
residual compressive stress introduced by the 

TABLE 3. Four-point flexural strength of the matrix and the 
composites as a function of the temperature = 

Sample Room 800°C I O00° C 
temperature 

SiaN 4 895 + 35 -- 603 + 39 
Si3N 4 + 30% TiN 889 + 53 528 + 50 495 _ 110 
Si3N4 + 35% TiN 925-t-83 506__+77 611 _ 28 
Si3N4 + 40% TiN 1043-t-21 558-t-21 627___111 

aAll measurements are in MPa: mean value + standard deviation 

machining. 35 The temperature can, however, affect 
the MOR in other ways. For example, the defect 
population could be changed by temperature, as 
reported in the literature. 36 In the present case, 
moreover, the second phase is very reactive to 
oxidation and the transformation TiN~TiO2 is 
known to be volume-dilatant a7 with obvious 
consequences on surface integrity. The presence of 
the second phase seems to influence the spread of 
strength data; the standard deviations of the 
composites are, in general, higher than that found 
for the matrix (Table 3). 

3.4 Thermal expansion 
As expected, owing to the higher thermal expansion 
coefficient of TiN, the thermal expansion coefficients 
of the composites are higher than that of the base- 
line material and increase almost linearly with the 
second-phase content (Table 1). For the compo- 
sitions in the range investigated (0-40vo1.%), the 
experimental values of the thermal expansion 
coefficient are in good agreement with those 
calculated with the rule of mixtures, according to 

(X¢ = ~X 1 V 1 -[- tx 2 W 2 (1) 

where ~c is the thermal expansion coefficient of the 
composite, ~1 and ~2 those of the base-line Si3N4 
and TiN and VI and V2 are the respective volume 
fractions. 

3.5 Oxidation resistance 
The thermal stability of the composites is directly 
related to the amount of TiN which is an easy-to- 
oxidize phase. Figure 10 shows the weight gain for 
oxidation measured during thermal treatment at 
1000°C; at this temperature no weight gain is 
recorded for the base-line SiaN 4 matrix. Figure 11 
shows the parabolic weight gain versus time for a 

v 

1.0" 

o ' 

time trnin) 

Fig. 10. Oxidation mass-gain curves at 1000°C for composites 
with various TiN contents. O, 20%; II, 30%; A, 40%. 
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Fig. 11. Isothermal mass-gain curves versus time for a 30% TiN 
composite during oxidation at various temperatures. Q, 780°C; 

A, 1040°C; El, 1210cC; "A', 1300°C; m, 1345~'C. 

Fig. 12. Morphology of a 30% TiN composite oxidized surface 
at 800~'C. At this temperature the oxidation takes place only in 

the TiN phase. 

30% TiN composite oxidized at various tempera- 
tures. A detailed study of the phenomenon 38 has 
indicated that up to ~ 1000°C only the reaction 
TiN--* TiO 2 takes place and that corrosion is limited 
to the TiN phase (Fig. 12). At T >  1000°C the Si3N 4 
matrix oxidizes, assisted by diffusion of oxygen 
through the TiO2-rich surface layer. Figure 13 shows 
the morphology and the composition of the oxidized 
layer in a 30% TiN composite oxidized at 1200°C for 
30 h: the oxide scale is mainly formed by a glassy 
silicate phase where TiO2 crystals are present. In any 
case the presence of TiN is deleterious for the 
thermal stability at low (500-1000°C) and high 
( ~ 1000-1350°C) temperatures. 

3.6 Electrical discharge machining 
EDM tests were carried out on 30% and 40% TiN 
composites through wire EDM and die-sink EDM. 
Wire EDM tests were performed using a brass wire 
as the electrode and water as dielectric. In this case, 
cutting speeds of 1.5 mm/min were measured on flat 
cylindrical samples 1 cm high. 

The roughness of the as-cut surfaces is about 4.2 
and l'7/~m/mm for 30% and 40% TiN samples 
respectively; a finishing run at lower frequence 
reduces the roughness to ,~3"5 and 0.9#m/ram 
respectively. The microstructure of the EDM- 
treated surface of the composites shows the form- 
ation of a surface layer 10-20 #m in thickness (Fig. 
14). X-Ray diffraction analysis shows the presence of 
TiN and only traces of Si3N 4. In Fig. 15(a) and (b) 
the surface morphologies of a 40% TiN composite 
are compared, after wire and die-sink EDM 
respectively. Discharges create craters and the 

Fig. 13. Morphology of the scale on the surface of a 30% TiN 
composite oxidized at 1200°C. The scale is formed by a glassy 

phase in which TiO 2 crystals are embedded. 
Fig. 14. Cross-sectional view of a EDMed composite. Note the 
formation of a scale approximately 10#m thick on the surface. 
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(a) 

(b) 

Fig. 15. Morphology of the surface in a 30% TiN composite 
EDMed by (a) wire technique and (b) die-sink technique. 

overall surface has a superposition of craters with 
varying diameters and positions. This is the result of 
discrete, random pulses with varying intensity and 
spatial distribution, i.e. they derive from the material 
removing mechanisms which are linked to the 
interaction between the material and the methods 
and parameters adopted during EDM. 

During the EDM of these materials, two main 
mechanisms should be involved: melting and 
evaporation. 39'4° Therefore the surfaces are covered 
by layers with resolidified-melt-formation droplets. 
The quantity of material that solidifies and adheres 
to the surface is a function of the composition and 

microstructure of the ceramic and of the EDM 
processing conditions. In the present case the 
resolidified droplets are almost entirely TiN as 
Si3N 4 should be removed by evaporation. 

4 Conclusions 

The main target was to produce electroconductive 
composites without detrimental effects on the 
mechanical properties of the matrix. Using an as- 
received and a refined TiN powder, Si3N4-TiN 
composites in the range 0--40 vol.% TiN were 
produced by hot pressing, gas-pressure sintering and 
pressureless sintering. 

Fully dense materials (> 99%) were obtained by 
hot pressing and gas-pressure sintering in all the 
composition ranges investigated. For a TiN content 
>30vo1.%, the resistivity of the composites was 
some 10- 4 f~ cm, against the 1011 f~ cm of the matrix, 
confirming the suitability of these materials for 
EDM. 

When TiN particles are added to the Si3N 4 
matrix, the Young's modulus and the thermal 
expansion coefficient increase regardless of the TiN 
particle size and sintering route. In contrast, other 
mechanical properties like hardness, fracture tough- 
ness and flexural strength are strongly influenced by 
these two factors. Hardness and fracture toughness 
are higher in the composites with coarse TiN 
particles, but the flexural strength of these materials 
is lower than that in composites with fine TiN 
particles. Hot pressing was found in the present 
work to be the best sintering route in order to obtain 
high-performance composites. 

The flexural strength of the HP composites 
decreased with increasing temperature. At 1000°C 
the flexural strength of the composites and of the 
base-line SiaN 4 were at the same level; the larger 
scatter in experimental results for the composites 
indicated an influence of the second phase at high 
temperature. Titanium nitride is an easy-to-oxidize 
phase and its presence is deleterious for chemical 
stability: composites were rapidly oxidized already 
at 800°C where the matrix is virtually inert. 
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