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Dense Si3zN4-TiN composites from Si and sponge Ti (0-40 wt %) powders were produced by
in situ reaction-bonding and post-sintering under N, atomosphere. The fracture strength
and toughness of SizN4-17% TiN composite were found to be 537.9 MPa and 10.4 MPam'/?,
respectively. In the reaction-bonded bodies, SizN4 grains were constructed with - and
B-SizNy structure as well as TiN and some amounts of residual Si phase. After
post-sintering, the residual Si and «-SizN,4 grains were transformed to 3-SizN, grains with
rod-like shape. No intermetallic compounds (e.g., TiSi,, TisSiz and TigSi,) were formed at
the interfaces between SisN, and TiN grains. The main toughening mechanisms were crack
deflection and crack bridging caused by rod-like SizN4 grains which were randomly
dispersed in sintered body. Microcracking due to the dispersion of in situ formed TiN
particles also contributed to the toughening of the sintered body. © 7999 Kluwer Academic
Publishers

1. Introduction a gaseous mixture of SigTiC14-NH3-Hy [9]. In this
Although SgN4 ceramic has excellent mechanical case, the nanometer-sized TiN crystallines dispersed in
properties such as fracture toughness and strength corthie SgN4 matrix grains interact with cracks, generating
pared with other ceramics, it is not so widely used ascrack bridging and microcracking [10]. The third pro-
industrial material except for the cutting tools and somecess is a reaction-bonding technique using a mixture of
engine components. The main reason is the high cos¥i, TiN and some contents of sintering additives [11,
and low fracture toughness of8l, sintered body com-  12] In this work, the synthesis of $h,-TiN composite
pared with metallic systems. from Si and sponge Ti powders was carried out by the
Reaction-bonded silicon nitride (RBSN) which hasin situ reaction-bonding followed by gas pressure sin-
some advantages such as low price of raw powders, ea$gring technigue. The purpose of the present work is to
control of dimensions and low cost of production, hasinvestigate the crystal structure of;8li, the relation-
been actively developed since early 1970’s. Howeverships between microstructure and material properties of
the existence of residual Si phases and high porosity dhein situreaction-bonded-bodies which depend on the
the RBSN bodies limit the application of RBSN mate- sintering conditions, Ti contents, and the gas-pressure.
rials. Recently, RBSN has been re-illuminated since thd he sintered $N4-TiN composites were examined by
removal of residual Si and pores has been made posptical microscope (OM), X-ray diffractometer (XRD),
sible by post-sintering process. Furthermore, the shapigansmission electron electron microscopy (TEM) and
of SizN4 grains in the SN, sintered body can be easily scanning electron microscopy (SEM).
controlled by the high temperature process. In order to
improve the mechanical properties of monolithighj
ceramic, various types of SiC [1-3], Zs4—6] and 2. Experimental
TiN [7-12] powders were used as toughening agentdrig. 1 shows SEM micrographs of Si with irregular
Among these, TiN particles have been found to be parshapes (a) and Ti powders with sponge type (b) used in
ticularly useful due to the microcracking mechanismpresent work. The average size of Si powders used was
when optimum amounts of TiN particles are dispersedlOum, but large-sized particles (about 26h) were
in SigN4 matrix. Up to now, there are three process-also observed. The average size of Ti powder parti-
ing routes of making $N4-TiN composites. The first cles was about 100m. Some Ti powders agglomer-
method is a conventional liquid phase sintering usingated with fine particles were also observed as indi-
mixtures of SiN4, TiN and some amounts of sintering cated with arrow heads. The Si, sponge Ti powders
additives [7, 8]. The second one is a CVD method using0-40 wt %) and sintering additives (5wt %®; and
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Figure 1 SEM micrographs of Si (a) and sponge Ti (b) powders.

2wt % Al,O3) were throughly mixed in ethanol using
a planetary ball mill and gN,4 balls as milling media.

of a nitrided momolithic SiINs and a SiN4-17%TiN
composite made at 135Q for 20 h, the post-sintering
was carried out at 200 for 3.5 h under 66 MPa N

gas pressure. The residual Si, TiN phases and porosity
were identified by OM. The XRD and SEM (JSM-5300)
were used to examine crystal structure and morphology
of fracture surfaces of the $h4-TiN composite over

a wide scale. Using TEM (JEM-2000EX), the detailed
crystal structures, internal microstructure and interfa-
cial structure between 4 and TiN phases were ex-
amined. TEM observation was performed with a 200
kV electron microscope. The average Vickers hardness
was measured by indenting with a load of 9.8N (30
points/a sample), while the average bending strength
was measured by 3-point bending method ata crosshead
speed of 0.5 mm/min using each 6 specimens with 3

4 x 30 mm bars. The fracture toughness las calcu-
lated by indentation method with a load of 294N [13].

3. Results and discussion
3.1. Microstructure and material properties

of reaction-sintered SizN,-TiN

composites
Fig. 2 is optical micrographs showing the polished
surfaces of samples of$Bi4-TiN composites reaction-
bonded at 1350C for 20 h. In these images, the re-
gions of black and white contrasts correspond to resid-
ual pores and Si phase, respectively. As can be seen
in this images, a relatively small amount of residual Si

The mixtures were dried on a hot plate while stirring. particles were observed ing8l4-17%TiN composite.
The powder mixture was pressed into pellets and ClIPe@he residual Si phase was remarkably higher in sam-
at 250 MPa. The pellets, 40 mm in diameter were ni-ples with higher Ti contents. Many residual Si particles

trided in flowing N>-10%H, gas mixture at 1350C for

about 7um size were observed with white contrasts

10, 20 and 30 h. To improve the mechanical propertiesn the SgN4-35%TiN composite. The relatively poor

~

Figure 2 Optical micrographs showing the TiN phase in the reaction-bondgd,SiiN composites at 1350C for 20 h. (a): SiN4-0%TiN, (b):

SisN4-17%TiN, (c): SkN4-26%TiN, (d): SkN4-35%TiN.
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nitridation of matrix in the SiN4-35%TiN composite residual Si and TiN particles were seen with white and
can probably be attributed to the followings; §as  yellow contrasts, respectively. The OM observation of
preferably reacts with Ti particles than Si powder. Thethe reaction-bonded bodies confirmed that many raw
other reason may be due to the excessive overheatinj powders with about 10(km were broken down to
during the nitridation as a result of the exothermic na-about 25um and well dispersed in @4 matrix. As
ture of the process. Melting of Si powders may lead tocan be seen in Fig. 2b,c and d, most of the TiN par-
a blockage of pore channels, thus making it difficult forticles contained a few of large pores, and many large
N> gas to penetrate the compact. Although in the blaclcrevices caused by the falling off ofs8l,4 grains during
and white image, the residual Si and TiN phases dahe polishing.
not clearly distinguish, when we observed the OM, the Fig. 3 shows relative density, Vickers hardness and
bending strength of $N4-TiN composites after rea-
ction-bonding as a function of TiN contents. As can
—— be seen in this graph, the values of relative density
T R densly and hardness showed a maximum of about 68% and
Loo—| —¥— - Bending strength 600 30 520 Hv respectively in the §N4-17%TiN composite.

o =  However, inthe comparison with other available data on
= A [ .

S sl 1500~ £  reaction-bonded &Ny, these values are very low [11].
i 9 -\t § g A general decline in properties was observed in sam-
g 9 \ N g £ ples containing more than 17%TiN. This behavior was
B 100 E @  due to low density and the existence of large amount
2 = q10 £ of residual Si phase. The existence of microcracks of
% 20 {200 § residual Si particles in the reaction-bonded body also
&~ contributed to the deterioration of the material proper-

o 8 17 26 s 0 ties [14].

Fig. 4 shows the SEM fracture surfaces made by
3-point bending test. As can be seen in the monolithic
Figure 3 Ti contents dependency of relative density, Vickers hard- SizN4 bOdy (a_)’ th(_:“ fracture s_urfe}ce looked more flater
ness and bending strength in reaction-bonde$TiN composites ~ than that of TiN-dispersed $, sintered body (c and
at 1350°C for 20 h. e). In the enlarged image (b), residual pores and Si

Amount of TiN (wt%)

Figure 4 SEM images showing fracture morphology of reaction-bondgNSTiN composites at 1350C for 20 h. (a): S§N4-0%TiN, (c): SgNa-
17%TiN, (e): SiN4-26%TiN. (b), (d) and (f): Enlarged micrographs of (a), (c) and (e), respectively.
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particles which appeared with cleavage fracture are alswith arrowheads. On the other hand, the TiN particles
observed. In the 17%TiN composite (c and d), only awith large size seem to become dense particles as re-
few residual Si particles were observed as seenin Fig. Zction time gradually increases. The regions with gray
Pull-out behavior of TiN particles appeared in the TiN- colour inside the coarse TiN particles corresponded to
dispersed $N4 composites, so that TiN particles and SisN4 phase in which Si particles were possibly intro-
traces of TiN particles as indicated with arrowheadsduced intothe sponge Tiparticles during the ball milling
(c and e) are frequently observed on the fracturgrocess. In order to investigate whether the intermetal-
surfaces. Most of the pulled-out TiN particles werelic compounds such as TiSiTisSiz and TgSiy were
very large in size about 1Q0m, however some trans- formed during the reaction sintering or not, we carried
granular fractures also occurred in small sized-TiNout the X-ray diffraction as a dependency of reaction
particles. A few of residual cracks in the TiN particles time.
were observed as indicated with an arrow. Fig. 6¢,d and e are XRD profiles of the reaction-
Fig. 5 shows optical micrographs of reaction-bondedoonded SiN4-20%TiN composite at 1350 for 10,
SizN4-17%TiN composite as a function of reactiontime 20, 30 h, respectively. For a comparison, XRD pro-
at 1350°C. In the sample nitrided for 10 h, many fine files of raw Si (a) and sponge Ti (b) are also inserted.
residual Si phase with white contrast were observed\s can be seen in diagram, the intensity of residual Si
around coarse TiN particles, but the residual Si phaserystals gradually decreased with increasing reaction
showed a tendency to diminish with increasing reactiortimes, however some residual Si peaks were observed
times. Also, many pores were observed as indicatedfter reaction-bonding for 30 h. Observations of the

Figure 5 Optical micrographs showing TiN phase in reaction-bondet £l 7%TiN composite at 135CC. (a): For 10 h, (b): For 20 h, (c): For 30 h.
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Figure 6 X-ray diffraction patterns of reaction-sinteresBi-17%TiN composites at 135€. (a): Raw Si powders, (b): Raw Ti powders, (c): For
10 h, (d): For 20 h, (e): For 30 h.
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crystal structure of reaction-bondedSi phase indi-  sity in the Si particles increases and continuously piled
cated that irrespective of the duration of the reactiorup [14]. Microcracks are generated at the pile-up re-
a- and g-types always coexisted in the sample. Fromgions of dislocation by the lattice mismatch between
our recent TEM work on the reaction-bondedMNsj  «-SisN4 and Si, and these microcracks gradually pene-
body [14], it is confirmed tha&-Si3N4 phases are di- trate into all regions of Si particles with increasing sin-
rectly formed by nitridation of Si particles. In this case, tering time [14]. This facilitates the supply of.Njas
cracks and dislocations in the Si particles play animporinto interior part of Si crystals, leading to the accelera-
tant role to explain the nitridation mechanism of largetion of the nitridation process. In addition, needle-like
sized Si particles. Generally, when the Si particles are8-SisN4 crystals were also observed around compara-
nitrided to SgN4 phase, it is well known that the Si tively large-sized pores [14]. This indirectly means that
coated with an amorphous oxide film are first decom-8-SizN,4 grains can easily be formed without the exis-
posed, and then, S, nuclei are formed on the sur- tence of a compressive effect. On the other hand, the
faces of Si particles [15]. As the nuclei gradually grow intermetallic compounds (e.g., TiSTisSiz and TgSis)

with submicron-sizea-SizN,4 grains, dislocations den- which were expected for plastic deformation toughen-
ing were not detected. The residual Ti peaks were not
observed in the reaction-sintered body even after 10 h
(c), and this result indicates that sponge Ti particles are
easily nitrided than Si particles.

3.2. Microstructure and material properties

of post-sintered monolithic SisN4 and

SizN4-17%TiN composite at 2000°C

for3.5h
Fig. 7 shows the polished optical micrographs of GPSed
monolithic SgN4 and SgN4-17%TiN composite. Inthe
monolithic SgN4 body, a few of residual Si particles
with less than 0..xm were observed with white con-
trast at the interior region of sintered body as indicated
with dark circles, but no such observation was made on
the out-side regions. In thesBl4-17%TiN composite,
the residual Si particles were not observed even on the
interior regions. The TiN particles homogeneously dis-
persed in the N4 matrix existed with two types. One
type is the large sized particles which contained a few
residual pores and §\4 phase, the other is the spheri-
cal shape with less than Quim in size as indicated with
arrowheads. The latter is formed by the breakdown of
the fine sponge-type Ti particles which was seen in
Fig. 1b. A few residual Si in Fig. 7a and spherical
TiN particles in Fig. 7b were distinguished by colour,
Figure 7 Optical micrographs GPSed monolithicsSi (2) and SiNa- that is, they were seen with white and yellow contrasts,

17%TiN composite (b) at 200 for 3.5 h. A few of residual Si phase respectlvely. . L
are observed in the dark circled regions. Arrowheads indicate fine sized Fig. 8 shows XRD profiles of GPSed monolithic

TiN particles. SisN4 (&) and SiN4-17%TiN composite (b). Most of
o Si
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Figure 8 X-ray diffraction patterns of $N4-TiN body. (a): Reaction-sintered at 1350 for 20 h, (b): Reaction-sintered and GPSed at 2@eor
35h.
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Figure 9 (a) Typical TEM image of GPSed $4-17%TiN composite. Arrowheads indicate the existence of amorphous phase at the triple regions.
(b) TEM image showing the fine sized TiN particle. Arrowheads indicate many dislocation contrasts.

residual Si phases which existed in reaction-bondedABLE | Material properties of GPSed monolithi;8iy and SgNa-
bodies (in Fig. 6) were nitrided during the GPS pro- TIN composites (at 2000 for 3.5 h)

cess, leading to elimination of Si peaks in the XRD Relative Fracture
pattern. Onlyg-type SgN4 and NaCl type TiN peaks density =~ Hardness ¢ strength
were detected in the XRD patterns. These results inspecimen (%) (kg/dy  (MPa-m'?)  (MPa)

dicate that_ the GPS process facil_itate the nitridation ofS NLO%TIN 985 1486.3 9 4951
residual Si phase. In a_ddltlon,-S|3N4 crystals were S;N:_N%TiN 048 14625 104 5370
fully transformed to8-SisN4 crystals during the high
temperature post-sintering process.

Fig. 9 shows TEM images of GPSegSk-17%TiN
composite, and the corresponding electron diffractiorreinforced 7074Al matrix composite, magyMg,SiOy
patterns taken from the dark circles. As can be seen ineaction compounds about 40 nm were formed at the in-
Fig. 9a, the rod-like shaped grains about/db in di-  terfaces between 7064Al and;Ni; whisker [17]. The
ameter were observed, and some fine sizgN &irys-  existence of nitrogen atmosphere during the reaction
tals of about 0.5xm diameter were also observed be-bonding process probably explains why no intermetal-
tween them. The inserted electron diffraction patternic compounds were formed. Our TEM observations
taken from a fine sized @\, grain shows [001] zone confirmed that large TiN particles were the result of an
axis of B-SisN4. As frequently observed in hot-pressed agglomeration of polycrystals of TiN particles contain-
SisN4 body [2], the amorphous regions as marked withing some residual pores angBi, phases. Microcracks
arrowheads were located at the triple points and graimvere not observed around TiN patrticles.
boundaries. Fig. 8b is an enlarged TEM image show- Table | shows the material properties of GPSed
ing a spherical TiN particle embedded in gl grain, monolithic SgN4 and SgN4-17%TiN composite. The
and an electron diffraction pattern shows [110] zonerelative densities of monolithic S\, and SiNg4-
axis of TiN phase. As can be seen in this image, a fewd 7%TiN composite are 98.5 and 94.8%, respectively.
dislocations originating from TiN particles were ob- Inspite of low relative density and existence of large
served in SNy grains. From the observations madesized TiN particles in the gN4-17%TiN compos-
of the large dislocation lines, it is quite clear that theyite, the values of hardness and fracture strength are
were formed during the cooling process after sinter-1462.5 kg/mri and 537.9 MPa. In particular, the aver-
ing, which caused a mismatching of thermal expan-age fracture toughness measured by indentation method
sion coefficients and lattice parameters betwegNSi  also shows very high value of 10.4 MPYfh
and TiN particles. Generally, $\, ceramic does not Fig. 10 shows SEM fracture surfaces of GPSed
easily deform at room temperature. From our recentnonolithic SgN4 (a) and SiN4-17%TiN composite
works on the fracture characteristic ofs8j matrix (b andc) made by 3-pointbending test. As can be seenin
composites [2, 3, 6, 10], it was confirmed that when aboth sintered bodies, the rough surfaces were observed
crack made by indentation propagates intgNgisin-  in the fracture surfaces. This observation indicates that
tered body, some partial dislocations occur near cracknain fracture of both GPSed bodies was the intergran-
process and tip zones. Observation of interfaces bailar type. On the fracture surface, there was evidence
tween SiN4 and TiN particles as marked with white of pull-out of many rod-likes-SisN,4 grains with high
arrows in Fig. 9b indicated that no intermetallic com- aspect ratio and their traces. This is similar to an ob-
pounds are formed for the reaction process. Interfaceservation previously made in SiC-whisker-reinforced
of SigsN4-TiN composites synthesized by CVD pro- SisN4 composite [2]. This observation indicates that
cess, also showed the incoherent interfacial structurthe microstructural control of matrix is enhanced by
without any reaction phases [10]. However, it is well the post-sintering process. The appearance of typical
known that SiN4 ceramic is very reactive with Alalloys intergranular fracture and pull-out phenomenon of rod-
[16,17]. For an example, in the $8l; whisker- like Si3N4 grains on the fracture surfaces indicate crack
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Figure 11 Optical micrographs showing crack propagation of post-sintered monolitffiy $&) and SiN4-17%TiN composite.

deflection and crack bridging mechanisms required tdahe crack propagation energy is diminished by the for-

improve the fracture toughness. Furthermore, in thamation of many microcracks at the interior of TiN

SisN4-17%TiN composite (in Fig. 10b), the diameter particles. From the above results, it is concluded that

of rod-like SgN4 grains was larger than that of mono- high fracture toughness in thesBiy-17%TiN compos-

lithic SizN4 grains (in Fig. 10b). Mitomo and Tajima ite originates from the multi toughening mechanisms

reported that the relationship between fracture toughef crack bridging, crack deflection and microcracking.

ness and diameter of rod-likesBl4 grains is such that

that the toughening effects are increased with increas-

ing average diameter of rod-likesBl, grains [18]. The 4. Conclusions

dispersion of TiN particles enhances fracture toughnesrom the present study ah situ synthesis of SNs-

by microcracking due to the existence of strain fieldsTIN composite using Si and sponge Ti powders, the

around the TiN particles [19] as shown in Fig. 9b. In thefollowing results were obtained.

Fig. 10c, a large-sized TiN particle with about 6t

as indicated with a dot-lined region is intergranularly (1) In the reaction bonded composites, the values of

fractured, so that the sharped grains are observed. Thardness and relative densities are maximum in the

existence of residual pores andI$j phase inthe large- SizN4-17%TiN composite.

sized TiN particles leads to the intergranular fracture of (2) The dispersed Ti particles were fully nitrided to

TiN particles. TiN phase at 1350C, but intermetallic compounds
Fig. 11 is optical micrographs showing crack propa-(e.g., TiSp, TisSiz and TSis) were not formed at the

gation of GPSed monolithic @\, and SiN4-TiNcom-  interface between 84 and TiN grains.

posite made by Vickers indentation with aload of 294N. (3) After the post-sintering, the equiaxedSisN4

In Fig. 11a, a crack propagated from the diamond conegrains that existed in the reaction-bonded bodies

is well observed showing some crack deflection. On thavere transformed to rod-likg-SisN4. The fracture

other hand, in the gN4-17%TiN composite, the main strength of SiN4-17%TiN composite was compara-

crack is very short length compared with that of mono-tively low, 537.9 MPa, but the fracture toughness was

lithic SisNg. In addition, microcracks are observed in 10.4 MPany/?2.

the TiN particle as indicated with arrowheads. Itis sup- (4) The fracture mode of GPSedBi;-17%TiN com-

posed that when a crack propagated into TiN particlesposite was typically intergranular, whilst the main
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toughening effect was due to crack deflection andse.
crack bridging caused by well developed rod-likghgj
grains. Microcracking caused by the difference in ther- "
mal expansion coefficient and lattice parameter be-
tween SiN4 and TiN phases also contributed to the
toughening of the composite. 9.
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