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Abstract

The present paper deals with the processing method of SiC—(Ng={ii,Nb)Css) composites. The electrically conductive phases were
formed by in situ reaction: NG+ Tie) — (Nb, Ti)ss)+ (Ti,Nb)Csg) that takes place during the reaction sintering by hot pressing. Prepared
composites exhibit good compromise between electrical and mechanical properties and the present approach allows preparing a wide vari-
ety of compositions. For example composites containing 80 wt.% SiC and 20§M&6Ti)ss—(Ti,Nb)Css)} have an electrical resistivity
2.6x 104 Qm, hardness 21.6 GPa and fracture toughness 6.3 MPam
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction part made of SiC. The diamond machining tools are usually
used for the final shaping which makes the cost of the par-
SiC based ceramics is one of the most studied syntheticticular SiC structural part very expensive. Other possibility
materials of the last century. This interest is based on the of machining of hard materials is a discharge machining but
extraordinary properties of SiC, which predominantly are this technique requires the electrically conductive structural
high hardness, oxidation resistance, and shock resistance amaterial. This is not the case for SiC, which has an electrical
well as good strength:® Recently, the liquid phase sinter-  resistivity of~0.1$2 m at room temperaturk.
ing of SiC was developet:® Metal oxide with the Si@as a The review of the literature data showed that the papers
main impurity of SiC powder create the liquid at the sintering on the SiC with a metal-like electrical conductivity are rel-
temperature of SiC and enhance densification process sim-atively rare in the literatur&11 On the other hand, a rela-
ilarly to those known for SiN4 ceramics. By using AlO3 tively large fraction of the papers deal with the improvement
or Al,03/Y 03 as sintering additive the SiC ceramics was of mechanical properties of ceramics by addition of the metal
densified almost to the full density at the temperatures below particlest>—14
2000°C."9 By combination of both approaches the new SiC based
SiC based ceramics is a hard material with the Vickers composite/cermet could be developed. Such composite
hardness varying from 22 to 26 GPahis fact substantially ~ would have a metal-like electrical conductivity with a me-
increases the difficulty with the machining of the structural chanical properties as good as liquid phase sintered SiC. The
present paper deals with the processing of such SiC based
* Corresponding author. cermets, where the Nb-based metallic alloy is designed as
E-mail address: uachbalo@savba.sk (M. Balog). the metallic constituent securing the metallic conductivity as
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well as ductile bridging of the crack. Mechanical properties polished, and plasma etched with CFL0% G gas mixture
as hardness and fracture toughness simultaneously with thdor the microstructure analysis. The microstructures were ob-
electrical resistivity of all compositions are reported. served by scanning electron microscopy (SEM, Zeiss EVO
40) and transmission electron microscopy. Analytical trans-
mission electron microscopy was performed using a Gatan
imaging filter mounted on a Philips CM20 TEM/STEM (ac-
2. Experimental celeration voltage 200 kV, equipped with LaBathode). By
dimpling of SiC composite of thickness 18 a thickness of
Starting mixtures with the chemical compositions listed about 2q.m was achieved: the thin foil was then ion-milled
in Table 1were ball milled in isopropyl alcohol with SiC  until perforation'®1® Chemical analyses were done by elec-

balls for 24 h. The used powders were as follo@sSiC tron dispersive X-ray analysis (EDX) and electron energy
powder (Superior Graphite, USA),,03 (H.C. Starck, Ger- loss spectroscopy (EELS), respectively.

many), YOz (H.C. Starck, Germany), Si®; (Stigma, Vickers hardness and fracture toughness were measured
Russia), AIN (H.C. Starck, Germany), Ti (TOHO Titanium ysing LECO Hardness tester (Model LV-100AT, LECO,
Co., Japan) and NbC (Japan New Metals Co., Japan). USA) by indentation method with a loads of 9.8 N and 98 N,

The compositions of the starting mixture was based on respectively. Fracture toughness was calculated using the for-
the following rules: weight ratio of SiC:AIN:iWOz was kept  mula of Shetty-” Electrical resistivity was performed by four

constant, 87:3:10, where /@3 is a metal oxide. The molar  probes method at 2%. Ultrasonically soldered indium pads
ratio of particular oxides was kept constant 1:1 for all com- were used as contacts.

positions. The addition of Ti and NbC was increasing as it
is listed inTable 1 the weight ratio of both constituents was
kept 1:1.8.

The only exception is the sample Wable 1 which con-
tains no SIiC as well as oxide additives, but the ratio of  Ejectrically conductive alloys were designed according to
Ti:NbC was the same as written above. All powder mix-  the following reaction:
tures were ball milled in isopropyl alcohol with SiC balls for
24 h. The homogenized suspension was dried, subsequentIWbc(s)+Ti(s) — (NDb, Ti)(ssy+(Ti,Nb)Ciss) ()
sieved through 2hm sieve screen in order to avoid large
hard agglomerates. Axially pressed samples of 12mmindi- The phase equilibrium diagram of Nb—Ti—C system at
ameter and 10 mm high were embedded in BN and locatedtemperature 1700C in Fig. 1, McHale'® shows that prod-
into graphite die. All samples were hot pressed in two steps: ucts of the reactiorfl) lay on the line connecting Ti and
firstly at 1650°C for 3 h allowing to proceed the reaction NbC. Their composition and state (solid or liquid) are de-
producing the desired electrically conductive phases (Nb, Ti) pending on the chemical composition of the starting mixture.
and (Nb,Ti)C and secondly at 1850 for 1 h under mechan-  Formation of the liquid phase should be avoided, because
ical pressure of 30 MPa in Ar atmosphere allowing to den- liquid metal could be squeezed out from the ceramic matrix
sify the ceramic—metal composite. The same two-step heatwhen hot pressing is used as the consolidation method. No
treatment was carried out with the sample N. Densities of liquid is formed in A + D region of the phase diagram. Point
cooled samples were measured by Archimedes method inN shown by the arrow represents the composition chosen for
mercury. The theoretical densities were calculated accordingthis study. The composition N lies in the solid-state region
to the rule of mixtures. The hot-pressed materials were cut, up to 2000°C when first liquid appears.

3. Thermodynamic background

Table 1
Chemical composition of samples
Samples Composition in wt.%

SiC AIN Y203 Yb,03 SmpO3 Ti NbC
SC-Y 87 3 10 - - - -
SC-10N-Y 83 2.7 9 - - 360 6.40
SC-20N-Y 6% 24 8 - - 714 1286
SC-50N-Y 4% 15 5 - - 1785 3215
SC-80N-Y 174 0.6 2 - - 285 5145
SC-90N-Y 87 0.3 1 - - 3212 5788
SC-YbSm 87 3 - 5.30 4.70 - -
SC-20N-Yb/Sm 6% 24 - 4.24 3.76 14 1286
SC-50N-Yb/Sm 43 15 - 2.65 2.35 135 3215

N - - - - - 3% 644
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4. Results

4.1. Microstructure of SiC ceramics and
SiC—(Nb,Ti)ss—(Nb,Ti)Cs composite

The microstructures of hot pressed samples SC-Y,
SC—-10N-Y, SC-50N-Y and SC—80N-Y are showRim 2
The microstructure of SC-Y consists of plate-like SiC grains,
with the size up to 1Q.m and thickness up toj2m, Fig. 2a.

The 10 wt.% addition of composition N has a small influence
on the SiC grain size and shafég. 2b. With increasing ad-
dition of composition N, up to 50 wt.% the grain size of SiC
grains is getting smaller (approximately.gn) and also the
shape of the grains is changed to the more equidigd2c.
The distribution of SiC islands in the 80 wt.% of composition
N is documented iffrig. 2d.

EDX analysis of sample SC-YbSrhig. 3, shows, that
the phase at the triple junction of SiC grains consists mostly
Fig. 1. Phase equilibrium diagram of Ti—-Nb—C system at 08> where of Yb203, SmOs and SiQ. The same can be concluded for
A=(Nb,Ti)ss), B=Nb,C, C=TiC and D= (Ti,Nb)G@s; N is the desired the other samples where the composition of the triple points

composition of the electrically conductive phase. also reflects the kind of the oxide additions to the starting
composition.
The melting point of Ti is 1668C and thus reaction The typical microstructure of the SC-20N-Y composite,

(1) must be conducted below this temperature in order to similar to those shown iffrig. 2, is shown inFig. 4 The
avoid the formation of metal liquid. That is the reason why composition N is overetched, while the SiC grains are good
the temperature of 165 was suggested for the reaction visible. The N particles are randomly distributed within the
step. Temperature of 185C€ was chosen for the subsequent SiC matrix. No continual network of particles of composi-
densification step of the SiC—(Nb,J&(Nb,Ti)Css system tion N is observed for the SiC matrix containing 20 wt.% of
by hot pressing. The two-step sintering process, reactionN. The evolution of the SiC microstructure along with the

step at 1650C and densification step at 1830, should increasing content of composition N is showrFigs. 2b—d.
lead to the desired final composition of the metal-ceramic Plasma etching did not allow to visually distinguish whether
composite. composition N consists of one or more phaségs. 2 and 4

Disto. 10 Now 2004
Time 15,1338

Fig. 2. Microstructure of the (a) SC-Y, (b) SC-10N-Y, (c) SC-50N-Y and (d) SC—80N-Y samples.
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Fig. 3. TEM bright field image of sample SC-YbSm, EFTEM elemental maps (Si, O, Sm) and the EDX spectrum of the triple point.

4.2. Microstructure of metallic phases sisting of SiQ-YbyO3-SmpO3 (EDX3) and additionally a
(Si,Nb,Ti)O phase was identified (EDX4).

The TEM bright field image of electrically conductive
composition N is shown ifrig. 5 The sample was prepared 4 3. Mechanical properties
by the two-step sintering process described in Se@idine
reason to apply this processing was to check the final compo-  The micro-hardness and indentation fracture toughness of
sition of the eleCtrica”y conductive N-phase after the same selected CompOSitionS are Shownﬁi’gsl 7 and 8respec-
processing as for SGN-Y/Yb,Sm (=0, 10, 20, 50, 80, tjvely. As it is visible from the both graphs, the mechanical
90wt.%) composites. As it results from EELS analysis in properties are not substantially changed by the addition of
Fig. 5 composition N consists of two different phases: the (Nb,Tiks and (Nb,Ti)Gs phases up to 50 wt.% of their

e solid solution of (Nb, Tijs metallic phases, and addition.

e solid solution of ceramic (Nb,Ti)& phases.

i 4.4. Electrical resistivity
EDX analysis of the cermet sample SC-50N-YbSm

shows that composite consists of atleast four phdsgs®).  Fig. 9shows the dependence of the electrical conductiv-
The major phase is SiC (EDX1), the other phases are a SO|Idity of the SCxN=Y/Yb,Sm (=0, 10, 20, 50, 80, 90 wt.%)
solution of (Nb, Ti}s and (Nb,Ti)Gs (EDX2), a phase con-  composites on the addition of the (NbgEiand (Nb, THGs
phases. The almost linear decrease of the resistivity up to
80 wt.% of addition of the electrically conductive N-phases
is observed. Above this value the resistivity of the composite
is not remarkably changed.

5. Discussion

As Fig. 2 shows the mean grain size of SiC microstruc-
ture decreased by the increased addition of the (Nfg diijd
(Nb,Ti)Css phases in the SGN-Y (x=0, 10, 50, 80 wt.%)
composites. This is probably a result of presence of (N Ti)
and (Nb,Ti)Gs phases, which hinder the grain boundary mi-
gration as well as are responsible for the prolongation of the
diffusion paths leading to the SiC grain growth. The (Nhgi)
and (Nb,Ti)Gs phases SCN-Y/Yb,Sm (=0, 10, 20, 50,

80, 90 wt.%) composites principally consist of four phases:
SiC, (Nb,Tiks, (Nb,Ti)Css and (Si,Nb, Ti)O glass phase. All
these phases have a crucial importance on the composite
behavior. The results dfigs. 7 and 8how that (Nb,Tijs,
(Nb,Ti)Css phases have negligible influence on the hardness

Fig. 4. SEM micrograph of the composition SC-20N-Y. Grains of compo- and fra(?ture toughness of the sic_[(NpSIi)(Nb’Ti)qSS]
sition N are overetched. composite up to 50wt.% of their addition. According to
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Fig. 5. Bright field TEM image of the composition N and the corresponding EELS analyses.

the phase diagrankig. 1, point N consists of-30 at.% of remarkable decrease of the resistivity. As implies ffeim 4,
(Nb,Ti)ss and 70 at.% of (Nb,Ti)g;, respectively. Probably  no continuous network of these phases was observed in the
low amount and low plasticity of metallic (Nb,Epphase SC-20N-Y composite. Thus, the decrease of the electrical
caused its negligible influence on the fracture toughness.resistivity must be related to other effect, most probably to
On the other hand, almost not changed hardnieiss,7 is the presence of other conductive phases in the SC—10/20N-Y
probably a result of partial positive contribution of ceramic compositesFig. 6a shows the oxygen, titanium and niobium
(Nb,Ti)Css phase. maps of the composite. The oxygen map indicates the pres-
Fig. 8shows that the electrical resitivity of SIC—[(Nb,dd) ence of continuous oxide phase also on the grain boundaries
(Nb,Ti)Csg composite decreases almost proportionally with between SiC and (Nb, &y (Nb,Ti)Css phases. The EDX-
the addition of both (Nb,Tés and (Nb,Ti)Gs phases. Inter-  analysis of area 4 ifrig. 8 confirms a presence of small
estingly, the decrease (1-3 orders of magnitude) is observedamount of a (Si,Nb,Ti)O phase. This phase is probably an
already at small additions of (Nb,Td (Nb,Ti)Css phases, inherent part of grain boundary phase. It could be proposed
10 and 20 wt.%, respectivelfig. 9. This was not expected that presence of Nb and Ti in the Si@lass could lead to the
because the typical percolation behavior was anticipated forelectrical conductivity of this glass. When this (Si,Nb, Ti)O
this composite. The percolation threshold was expected atphase is distributed along the all grain boundaries, this fact
approximately 20vol.% of addition of the (Nb,Ii)and could lead to the conclusion that this phase is responsible
(Nb,Ti)Cssphases when a continuous network of electrically for the increased overall conductivity of the SC—10/20N-Y
conductive phasesis formed. This threshold was found out for composite. Overall electrical conductivity of the composite
other systems by L&@5 et all® In the case oFig. 9, theoret- is given by conductivity of the (Si,Nb,Ti)O grain boundary
ically 20 wt.% of (Nb, Tixsand (Nb,Ti)Gs phases formed in ~ phase and (Nb,Td}, (Nb,Ti)Css phases. While the first men-
situ corresponds to the approximately 12 vol.%, i.e. the sys- tioned glass phase increase the electrical conductivity of the
tem has not enough electrically conductive phases for suchSC-10/20N-Y composite at the low amounts of (Nkgi)
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Fig. 6. (a) Bright field TEM and EFTEM elemental maps (O, Nb and Ti) of the composite SC-50N-Y. (b) EDX analyses of the positions shown in TEM.
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measured at the load of 98.1 N by the indentation method, on samples con-
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Fig. 9. Resistivity of the SCeN-Y (x=0, 10, 20, 50, 80, 90wt.%) and N
composite measured by four probes method.
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(Nb,Ti)Css phases, the last mentioned phases undertake the
main role when they form the continuous network, i.e. at the
addition >20 wt.%.

6. Conclusions

SiC based cermets were successfully prepared in the pres-
ent work. The electrically conductive (Nb,T&(Nb, Ti)Csg
phases were created in situ during densification of the
starting composition. Composites were prepared in two-
step processing. In the first step (reaction step), the elec-
trically conductive phase (Nb,E3-(Nb,Ti)Css is formed.

The second step (densification step) enabled the formation
of a dense ceramic—metal composite. The occurrence of
(Nb, Ti)ss—(Nb,Ti)Css phases were confirmed by EDX and
EELS analysis. Hardness and fracture toughness were not
substantially changed by the addition of the (Nbdgnd
(Nb,Ti)Css phases up to 50wt.%. Their values are 23 GPa
and 6 MPa k2, respectively. An almost linear decrease of
electrical resistivity up to 80wt.% of the electrically con-
ductive phases was observed. Above this value the electrical
resistivity of the composite was not remarkably changed and
kept the constant value 6106 @ m.
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