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Preface 

This volume contains papers presented at seven international symposia held during 
the Materials Science & Technology 2013 Conference (MS&TM3), October 27-31, 
2013 at the Palais des congress, in Montreal, Quebec, Canada. The symposia in this 
volume include: Innovative Processing and Synthesis of Ceramics, Glasses and 
Composites; Advances in Ceramic Matrix Composites; Advanced Materials for 
Harsh Environments; Advances in Dielectric Materials and Electronic Devices; 
Controlled Synthesis, Processing, and Applications of Structural and Functional 
Nanomaterials; Rustum Roy Memorial Symposium on Processing and Performance 
of Materials Using Microwaves, Electric, and Magnetic Fields; and Solution-Based 
Processing for Ceramic Materials. 

These conference symposia provided a forum for scientists, engineers, and tech-
nologists to discuss and exchange state-of-the-art ideas, information, and technolo-
gy on advanced methods and approaches for processing, synthesis, characterization, 
and applications of ceramics, glasses, and composites. 

Thirty-six papers that were discussed at these symposia are included in this pro-
ceeding volume. Each manuscript was peer-reviewed using The American Ceramic 
Society's review process. 

The editors wish to extend their gratitude and appreciation to all the authors for 
their submissions and revisions of manuscripts, to all the participants and session 
chairs for their time and effort, and to all the reviewers for their valuable comments 
and suggestions. 

We hope that this volume will serve as a useful reference for the professionals 
working in the field of synthesis and processing of ceramics and composites as well 
as their properties. 
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FABRICATION OF NOVEL Zr02(Y203)-Al203 CERAMICS HAVING HIGH STRENGTH 

AND TOUGHNESS BY PULSED ELECTRIC-CURRENT PRESSURE SINTERING 

(PECPS) OF SOL-GEL DERIVED SOLID SOLUTION POWDERS 

Ken Hirota*1, Kengo Shibaya1, Masaki Kato*1, and Hideki Taguchi2 

*' Faculty of Science and Engineering, Doshisha University, Kyo-Tanabe Kyoto 610-0321, 
Japan 
2 The Graduate School of Natural Science and Technology (Science), Okayama University, 
Okayama 700-8530, Japan 

Keywords: Zirconium oxide; Aluminum oxide; Yttrium oxide; Pulsed electric-current pressure 
sintering (PECPS); Mechanical properties 

ABSTRACT 
Zr0 2 based ceramics containing 25 mol% Al203 and 0.90-1.125 mol% Y203, i.e., 

Zr02(1.2~1.5 mol%Y203)-25mol%Al203 have been fabricated at 1523 to 1623 K (1250-
1350°C) for 10 min under 60 MPa in Ar by pulsed electric-current pressure sintering (PECPS) 
of sol-gel derived cubic Zr02 solid solution (ss) powders. Dense tetragonal-Zr02 (t-Zr02) 
phase composite ceramics (>99.5%) sintered at 1623 K(1350°C), being composed of S - ^ O O 
nm grains, revealed high bending strength Ob >1.5 GPa and high fracture toughness K\c >15.5 
MPam" 2 simultaneously. Precise investigation has been performed on the relationship 
between their microstructures and mechanical properties, the former of which depend on the 
content of Y203 and calcining temperatures. SEM/TEM observations cleared that these 
improved mechanical properties might be originated from homogeneous distribution of 
a-Al203 particles around the dense t-Zr02 grain matrix; the precipitation of a-Al203 could be 
achieved by adopting the (ss) powders and PECPS. The Y203 content in fine Zr0 2 grains has 
much effect of controlling the stress-induced transformation toughening of tetragonal to 
monoclinic Zr02. 

INTRODUCTION 
Since the discovery of Zr02-toughening mechanism based on the stress-induced 

transformation from tetragonal to monoclinic phases by Garvi fl], partially stabilized zirconia 
(PSZ) with a small amount of Y203 addition has been much focused, and many studies have 
been performed on the fabrication of other stabilizer added dense PSZ. In addition to these, 
Zr02(Y203) based and Zr02(Y203)/AI203 composite ceramics fabricated using hot pressing 
(HP) and hot isostalic pressing (HIP) have been developed [2-6], On the other hand, the solid 
solution (,«) in the Zr02-Al203 system has not been paid attention; because it was believed that 
the Zr02-Al203 system did not form the ss even at higher temperatures. However, since the 
report by Alper [7] on the formation o fZr0 2 (w) containing 7mol% Al203, the sol-gel derived 
Zr02(ss) powders were prepared and then 75mol%Zr02-25mol%Al203(.s.s) powders were HIP 
sintered at 1373 K (1100°C) under 196 MPa for 1 h [8]. Their mechanical properties were 
evaluated; fracture toughness Kic of 23 M P a m " 2 was achieved, however, their three-point 
bending strength Ob was remained as low as 570 MPa. After that, there has been no report on 
the fabrication of dense monolithic or composite ceramics that show high cTb >1 GPa and high 
Ktc >20 MPa-m"2 at the same time. If bulk ceramics having both high Ob and high Kic 
simultaneously are developed, they can cast aside the concept of "Ceramics are brittle" and 
spread their application fields widely. 
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In the present study, we have prepared ZrChfYjOiJ-AhOita) nanometer-sized 
powders by the sol-gel method and densified them with a pulsed electric-current pressure 
sintering (PECPS) [9], which method is suitable for the fabrication of high-strength dense 
ceramics consisting of small grain matrix. In addition, to achieve high fracture toughness, we 
took into account of the transformation toughening of Zr02 . Based on these concepts, we have 
considered as follows; 1) the sintering method has been changed from the conventional electric 
furnace, HP and HIP to PECPS with an extreme high heating rate under strong electric pulse 
field, which means PECPS would make it possible to fabricate dense ceramics composed of 
fine grains; 2) we have already achieved high A'IC ceramics in the ZrCh-AhCb systems [8]; 3) in 
the Zr02(Y203)-Ah03(si) powders, AI2O3 also would act as partially stabilizer in the ZrC>2 
based ceramics; and 4) it has been reported that 25mo% AI2O3 addition improves the bending 
strength of ZrC>2(Y203) ceramics [10,11]. Then, we have selected the composition ofZrCh 
(1.2~1.5moi%Y203)-25mol% AI2O3 from the conventional ZrC>2(2.0 ~3.0mol%Y203) which 
has been used as the high-toughness ceramics. 

EXPERIMENTAL PROCEDURE 
Preparation of Zr02(Y203)- 25mol%Ah03 ceramics 

The preparation of Zr02(Y203)-25mol%Al203 solid solution (ss) powders and the 
fabrication of dense ceramics using these powders are described in previous our paper [8]. The 
(,v.v) powders with the composition of 75mol%Zr02( 1.2-1.5mol%Y2Oi)-25mol%Al2C)3 [ZrCh: 
Y203:AI203=74.10-73.875:0.9-1.125:25.0 mol%] were prepared using Zr(OC3H7)4 (>99.9% 
pure), Y(OC3H7)3 (>99.9% pure), and Al(OC3H7)3 (>99.9% pure), as starting materials [8,12], 
The as-prepared powder (precursor) was calcined at 1093K (820°C) for 
75mol%Zr02(1.5mol%Y203)-25mor/oAl203 (henceforth, abbreviate as Zr02(1.5Y)-25 mol% 
AI2O3 and denote as [1.5Y]) and 1138 K (865°C), 1153 K (880°C) and 1168 K (895°C) for 
Zr02(1.2Y)-25mol%Ah03 ([1.2Y]) composition powders for 1 h in air. As will be described 
latter, these temperatures were determined based on the crystallization temperatures about 
1088 K(815°C) and 1133 K(860°C) for 1.5Y and 1.2Y powders, respectively, from the results 
of XRD and DTA/TG analyses. 

Calcined powder compacts after CIPing at 245 MPa for 3 min were sintered with a 
pulsed electric-current pressure sintering (PECPS: SPS-5104A, SPS SYNTEX INC., Tokyo, 
Japan) (on-off intervals 2:2) with a heating rate of 100 Kmin"1 (1.667 K/s), at 1523 to 1623 K 
(1250~1350°C) under 60 MPa in Ar using a carbon mold (<t'40-<l>16 -30h mm) and plunger 
(<t>39.9-40h mm). 

EVALUATION OF SAMPLES 
Microstructures 

Thermal analysis of precursors was conducted using a differential thermal analysis and 
thermal gravimetry (DT-TG 60H, Shimadzu, Kyoto, Japan) in air with a heating rate of 10 
Kmin"1 (0.1667 K s'1). Crystalline phases were identified by X-ray diffraction (XRD) analysis 
(CuA'a radiation, Rinl 2000, Rigaku, Osaka, Japan). The volume fraction of the monoclinic 
Zr02 (m- Zr02) phase for the test samples was determined from the intensity ratio of the 
monoclinic (111) and (11-1) diffraction lines to the tetragonal (111) line by XRD analysis [13]. 
Bulk densities (D0bs) of sintered ceramics after polishing with a diamond paste (nominal size 
91 - 3 urn) were evaluated by Archimedes method. Theoretical densities (Dx) of ceramics were 
calculated as follows; the lattice parameters of r-Zr02 phase were estimated to be 
<3=0.360520-0.360657 and c=0.518758-0.518948 nm, and those of m-Zr02 phase also were 
o=0.519003-0.518014, 6=0.514807-0.5169561, c=0.535040~0.535023 nm, and 
• =98.6960-98.8594° using Rietveld analysis [14], Then the values of 
D*(t-ZrOi( 1.5Y))=6.0510 and ZX(m-Zr02(1.5Y))=5.7725 Mg m"3 were obtained. From the 
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t/m-ZrOi volume ratios and the values of Dx(a-Al203)=3.987 Mgm"3 (JCPDS: #10-0173), the 
L\ values of composite ceramics were calculated. Both DAt-ZrOii 1.2Y)) and 
£»x(m-Zr02(1.2Y)) were assumed to be the same as Dx(r-Zr02(1.5Y)) and £>x(w-Zr02(1.5Y)), 
respectively, because of a small difference in Y2C>3 addition. 

Microstructural observation on the as-prepared and calcined powders, and the fractured 
or polished surfaces of ceramics were conducted using a field emission-type transmission 
electron microscope (FE-TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan) and a scanning 
electron microscope (FE-SEM, JSM-7001FD, JEOL Ltd.) equipped with an energy dispersive 
spectroscopy (EDS, JED-2300/T and JED-2300/F, JEOL Ltd., respectively). Before TEM 
observation, the specimens were processed into thinner using a focused ion beam (FIB, 
FB-2200, Hitachi High-Tech Fielding Co. Ltd., Tokyo, Japan). The grain sizes were 
determined by an intercept method [15]. 

Mechanical properties 
After crystalline phase identification, test bars (-3*3.5x11 mm3) for 

mechanical-property measurements were cut from the ceramics with a diamond cutting-blade 
and then their four sides were polished to mirror surface with a diamond paste (nominal 
particle size 4> 1 -3 |im). Three-point bending strength (ob) was evaluated with a cross-head 
speed of 0.5 mmmin"1 and an 8 mm-span length using WC jigs. Vickers hardness (//v) and 
fracture toughness (Kic) were evaluated using a Vickers hardness tester (HMV, Shimadzu) with 
an applying load of 19.6 N and a duration time of 15 s for the former, and the indentation 
fracture method (IF) with Niihara's equation using a Vickers hardness tester (VMT-7, 
Matsuzawa, Osaka, Japan) with applying load of 196 N and a duration time of 15 s for the latter 
[16.17], 

RESULTS AND DISCUSSION 
Characterization of powders and ceramics 

Fig. I (a) shows a TEM photograph of as-prepared 1.2Y powder; thin fine hallow 
powders with a particle size of around 0.6 nm was observed. 

Figure 1. TEM photographs of Zr02(1.2Y)-25mol%Al203 powders; (a) 
as-prepared and calcined for 1 h in air at (b) 865, (c) 880, and (d) 895°C. 
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DTA-TG curves of this powder were measured (Fig.2); a strong endothermic peak around 
1133 K (860°C) was detected. The same as-prepared 1.2Y powder was analyzed using XRD 
(Fig. 3 (i)); amorphous pattern was observed. And after calcined at 1138 K (865°C) for 1 h, the 
sample revealed crystallized cubic ZrCh phase (Fig. 3(ii)); no other crystalline compounds, 
such as 01-AI2O3 and tetragonal- (t-) or monoclinic- (m-) ZxOi phases, were found; informing 
that cubic (c-) ZrCh solid solution (ss) was crystallized (formed) from the amorphous powder. 
From this result, it is clear that amorphous solid solution powder transformed into c-Zr02(.s.s) at 
crystallization temperature TK of 1133 K. (860°C). Furthermore, 1.2Y powder was calcined at 
1153 K (880°C) and 1168 K (895°C) for 1 h to investigate the relationship between the 
calcined temperatures and the microstructures/mechanical properties of sintered ceramics. 

an 
E 

200 JIM BfKI ISW 
Temperature ; '(") 

Figure 2. DTA-TG curves of as-prepared ZrCh (1.2Y) -25mol%Ab03 (ss) powder. 

3 
R) 

V3 
a 
<U 

)J|| I I R.ZRFTNPTAB: L'LLF=LMI::4 
»-ZLO. PDF(U1.|«4 
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PDFOJIIM: 
fjf Allĥ LKA 
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Figure 3. XRD patterns forZr02(1.2Y)-25 mol% AI2O3 (ss) samples: (i) as-prepared, (ii) 
calcined at 865°C for 1 h in air and (iii) sintered at 1300°C by PECPS. 
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Fig. 1 (b)-(d) show the TEM photographs of calcined powders; the particle shape becomes 
clear and the particle size Ps increased from 0.6 (amorphous) to 6.0 (865°C), 6.2 (880°C) and 
6.4 nm (895°C) monotonously. As the same manner, 1.5Y powder crystallized from 
amorphous (k ) to c-Zr02(si) at Tx of 1093 K (820°C). 

Microstructures and mechanical properties of ceramics 
Calcined powder compacts were densified using a PECPS as already described. Fig. 

3(iii) shows representative XRD pattern of the polished surface of 1.2Y ceramics sintered at 
1300°C from 865°C-calcined powder; a main phase changed from c-ZrOz(ss) to /-Zr02, mZr02 

and a-Ah03. Diffraction peaks are indexed based on each PDF file (t-ZrC>2:#48-0024, 
mZr02:#37-1481, a-Al203:#10-0173). From these XRD line intensity data, (-Zr02 vol% was 
calculated using Garvie & Nicholson's equation [13]; in the present study, main phase of other 
ceramics is also t-ZrOi, as will be shown in the latter. 

Fig. 4 displays the representative microstructural parameters, such as (a) Zr02 phase 
volume ratio f-Zr02 (vol%), (b) average grain sizes Gs, (c) bulk density Dobs, and relative 
density of £>0bs/Ac of the 1,2Y ceramics using 865°C calcined powder. Little change in Zr02 

(vol%) is observed and stable around 96.5vol% as shown in XRD pattern on 1300°C sintered 
ceramics (Fi. 3 (iii)), however, the Gs increased rapidly with increasing sintering temperature 
more than 1325°C. On the other hand, Dobs and AA/DX revealed the maximum values at 
1300°C; the value of Dobs/Ox reached > 99.5%. The mechanical properties of 1.2Y ceramics 
sintered at 1300 and 1350°C are shown as a function of calcining temperatures (Fig. 5). 
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Bending strength Ob of ceramics in Fig. 5(a) reveals two distinctive characteristics; i) 
higher (1350°C) sintering temperature gave high values, ii) there is much calcining 
temperature dependence of Cb, especially, in the high-temperature sintered (1350°C) ceramics. 
It should be noted that the best a b value reached ~15.5 GPa with the Zr02( 1.2Y)-25mol%Al2C>3 
ceramics. On the contrary, Vickers hardness Hv (in Fig. 5 (b)) demonstrates an inverse 
tendency on sintering temperature: low-temperature (1300°C) sintered ceramics reveal higher 
Hw value o f - 1 4 . 8 GPa, this might be originated from the small grain sizes induced by low 
temperature sintering. In Fig. 5 (c), very important property for engineering ceramics, fracture 
toughness AV, is displayed as a function of calcining temperature. At a glance, almost nearly 
the same tendency as shown in Ob is observed; i) higher the sintering temperature, higher Kic 
values. And ii) lower- calcining temperature resulted in higher Kic, which reached -16.0 
MPam" 2 . 
Here, up to now it has been believed that both high strength and high toughness of ceramics 
could not be performed, as if there is a "trade-off relation" between them. However, both high 
CTB ( > 1 5 . 5 GPa) and A'IC ( > 1 6 . 0 MPa m"2) have been achieved in the same ceramics 
simultaneously for the first time. 

To investigate the calcination temperature dependence of mechanical properties above 
mentioned, their microstructures, especially focused on the distribution and size of a-Al 2 0 3 

grains because we thought that strength and toughness have been much affected by the guest 
grains in the composite ceramics. Fig. 6 (a)-(c) display the SEM photographs of polished 
surfaces of 1.2Y ceramics fabricated from various calcining powders, indicating dense and 
homogeneous microstructures irrespective calcining temperature. However, in Fig. 6 (d)-(f), 
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there is some difference among them, higher the calcination temperature, smaller the grain size 
and homogenous the a-Al203 black grains. In general, the dense ceramics composed of fine 
grains can reveal higher strength. These photographs proved the dependence of calcining 
temperature on the mechanical properties in Fig. 5(a). 

Figure 6. SEM photographs of the polished flat surfaces of ZrC>2(1.2Y)-25mol%Al203 
ceramics sintered at 1350°C using the powders calcined at (a,d) 865°, (b,e) 880°, and (c,f) 
895°C for 1 h in air. (a)~{c): low and (d)~(f) high magnifications. 

In Fig. 7, the mechanical properties (crb, Hv, Kic) of two kinds of ceramics, 1.5Y and 
1,2Y, are displayed as a function of sintering temperature. First of all, it is recognized easily 
that 1.5Y ceramics show higher values, except for Hv, in all sintering temperature. 1.5Y 
ceramics demonstrate extreme high strength ab up to - 1 . 6 GPa at the same time high Kic value 
of -18 .4 MPa m/"2. Furthermore, when we focus on the Kic value, 1.5Y ceramics reveal 
marvelous value more than 20 MPa m"2, i.e., -21 .3 MPa m/"2, in addition, their Ob value 
reaches -13 .3 GPa. A little bit "trade-off relation" is observed in the 1.5Y ceramics. Thus, note 
that dense tetragonal-Zr02 (f-ZrCh) phase composite ceramics (>99.5%) sintered at 1623 K 
(1350°C), being composed of < -^200 nm grains, revealed high bending strength tTb >1.5 GPa 
and high fracture toughness Kic >15.5 MPa m"2 simultaneously. 

FE-SEM microstructural observation on the fracture surfaces of 1.2Y-1300°C (Fig. 
8(a)), 1.2Y-1350°C (Fig. 8(b)), 1.5Y-1300°C (Fig. 8(c)), and 1.5Y-1350°C (Fig. 8(d)) has been 
performed; these ceramics have been fabricated from 865°C-calcined 1.2Y and 
820°C-calcined 1.5Y powders, respectively. These ceramics show dense texture and are 
consisted of fine grains (100-200 nm); here, we easily take notice of the grain size difference 
between 1.2Y-1350°C and 1.5Y-1350°C ceramics. This microstructural difference also 
support that the higher strength could be achieve in 1.5Y-1350°C ceramics due to the smaller 
grain size. FE-TEM equipped with EDS analysis was used to investigate the microstructures 
precisely from the viewpoint of grain's chemical composition. Fig. 9 (a) and (b) show the 
microstructure of 1.5Y ceramics sintered at 1300°C and elemental EDS-line analysis data on 
the same position, respectively; from (a) it is clear that dense microstructure consisting of 
large/small black and white grains was observed. Black and white grains correspond to ZrC>2 
and AI2O3, respectively, which is in inverse to the SEM photographs. In Fig. 9 (b) of the EDS 
analysis along the upper line elemental spectra of Zr, Y, O, and A1 are shown from the upper to 
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the bottom. From these analytical results, it was cleared that black or grey grains contained Zr, 
Y, and O, and whittle grains A1 and O. 
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Figure 7. Mechanical properties of (a) bending strength Ob, (b) Vickers hardness Hv, and (c) 
fracture toughness Kic for (i) Zr02(1.5Y)-25 mol%Al203 and (ii) Zr02(1.2Y)-25mol% 
Al203 composites. 

In addition, small white AbCb grains ("J" 100 nm) were dispersed immediately external to 
the Zr02 grains, which was the results of partial precipitation from the (is) particles containing 
Y and Al. In another portion, A1 element was recognized; this means that a small amount of A1 
was remained within the Zr0 2 grains, forming the (ss) grains. These Al203 grains might have 
much effect on the stabilization o f Z r 0 2 . However, Y2C>3 grains were not recognized from EDS 
line analysis; they stayed within the Zr0 2 grains to stabilize t-Zr02 phase. 
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Figure 9. FE-TEM photographs for the (a) microstructural observation and (b) + line 
EDS analysis on Zr02(1.5Y)-25mol% AI2O3 ceramics sintered at 1300°C, and 
ZrO:(1.2Y) -25mol%Al203 sintered at 1350°C using the calcined powders at (c) 865, 
(d) 880. and Ce) 895°C for 1 h in air. 
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Fig. 10 summarizes the effect of Y2O3 content on the mechanical properties, (a) 
fracture toughness Kic and (b) Vickers hardness Hv, of ZrCh-AkCb ceramics fabricated from 
solid solution powders; dataobtained from our previous experiments are also plotted in Fig. 10, 
strength Ob is omitted because the value of Db is much affected by the relative density, and 
grain sizes. Off course, these curves are much different from the previous studies [18-20] in the 
point of the best Y2O3 content on the mechanical properties is a little bit small. This might be 
explained by the stabilizing effect from a small amount of AI2O3 remained in Zr0 2 grains. 

0.0 1.0 2.0 3.0 
Content of Y203 (mol%) 

Figure 10. (a) Kic and (b) Hv of Zr02-25mol%Al203 ceramics sintered at 
1300~1350°C for 10 min under 50-60MPa in Ar as a function of Y 2 0 3 content 
of sintered at 1300°C for 10 min under 50~60MPa. 

CONCLUSIONS 
By utilizing both sol-gel derived (ss) powders and PECPS, it has been possible to 

fabricate dense novel Zr02-based ceramics which consisted of submicron meter-size grains 
with a small amount of (ss) grain, in addition to a homogeneous distribution of C1-AI2O3 close 
to fine f-Zr02 grains. These ceramics showed extreme high strength and high toughness 
simultaneously, which has been ever reported. These properties can introduce the ceramics into 
the wide industrial applications. 
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ABSTRACT: Silicon Carbide (SiC) is one of the most important advanced ceramic, due to its 
unique set of electrical, optical, thermal and mechanical properties. The main barrier nowadays 
to wider the use of SiC is its manufacturing process, which requires very high temperatures 
(above 2000 °C) and pressures (> 100 MPa), is time consuming and allows a non well control of 
the final product quality. Out of all the procedures available, reactive infiltration has proven to be 
the most profitable, for it minimizes temperature (1500 °C), pressure (0.1 MPa) and processing 
time, while enhancing product quality control. Another advantage of this method is that it is a 
near net shape method. Reactive infiltration consists in infiltrating a carbon porous preform with 
liquid silicon. During the infiltration silicon reacts with carbon to produce SiC. In the present 
work, we have successfully performed reactive infiltration in different carbon performs, from 
highly porous foams to dense carbon fiber or bulk SiC pieces. For these infiltrations, the reaction 
parameters, temperature, in the range 1400-1550°C, and reaction time, in the range 1-8 hours, 
have been studied and optimized. The evolution of the reaction and the quality of the final 
products obtained were assessed via different microscopy techniques and physical properties. 

1 INTRODUCTION 
Silicon Carbide (SiC) is an advanced ceramic of great industrial interest for it can be used 

in a wide range of applications. This functionality is due to the combination of excellent thermal, 
mechanical, chemical, electrical and optical properties1"7. This material has been traditionally 
used for polishing and cutting applications. However, the technological advances and the 
capability to obtain SiC single crystals have opened a whole new specter of applications, e.g. in 
electronics, high wear resistance C/SiC composites or the most promising ones, metal/SiC 
composites to be used as heatsinks8"10. These novel applications require larger SiC bodies with 
more complex geometries which cannot be easily obtained using traditional ceramic powder 
sintering methods. Since SiC is a covalent solid with low diffusion capacity, sintering with total 
elimination of porosity is not possible. Many methods exist to density SiC powder though. 
Among this methods hot isostactic pressing (HIP) is the one that produces the best quality 
material. This process requires very high temperatures, above 2000 °C, and high pressures, 
around 200 MPa, is also time consuming, and thus very expensive. An alternative method to 
obtain almost non porous and larger SiC pieces is reactive infiltration. This procedure consists of 
infiltrating a carbon porous preform with liquid silicon, so that it reacts with the carbon skeleton 
during the infiltration, to produce SiC, according to equation 1. 

Siffl + C(S) SiC(s) AH!J98K = - 7 3 kj/mol (Eq. 1) 

This method allows working with less severe reaction conditions. For instance no 
additional pressure is required since the infiltration is spontaneous, driven by capillary forces and 
controlled by the reaction. Reaction temperature is around 1500 °C, much lower than for other 
synthesis routes. An additional benefit of this method is its near net shape capability. This 
technique also allows to bond SiC powder particles together. For this purpose, a green preform 
containing the SiC particles bonded with a suitable carbon precursor like phenolic resin or pitch 
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must be manufactured. The green preform must be then carbonized, and infiltrated with liquid 
silicon to obtain the SiC, also known as reaction bonded silicon carbide (RJBSC). In this work 
this technique has been used to bond not only silicon carbide particles of different sizes together, 
but also to bind carbon fibers in a ceramic matrix transforming a carbon/carbon composite into a 
SiC/carbon composite. 

SiC formation is expansive (there is an approximately 58% volume increase when a mole 
of amorphous carbon reacts to form a mole of SiC1), so in order to avoid choking-off of the pores 
during infiltration, the carbon preform must have a minimum density and pore diameter, being 
around 38 % for amorphous carbon and 58% for graphitic carbon, with pore diameters between 
1-2 nm11"13. 

In the present work, a great variety of carbon preforms commercially available, were 
infiltrated to obtain SiC materials. The reaction product quality was assessed with different 
microscopy techniques, physical and mechanical properties. The reaction parameters, 
temperature, and dwell time, were studied and optimized for each type of preform. 

2 EXPERIMENTAL PROCEDURE 

2.1 MATERIALS 
In the present study, four type of carbon preforms were used. These preforms were 

supplied by different companies and present singular geometries and microstructures as it can be 
observed in figure 1. The preforms used, its main characteristics and the suppliers are listed in 
table 1. 

Figure 1. Different carbon preforms used for SiC composite manufacture. 

Table 1. List of carbon preforms used its main characteristics. 
Preform code Composition Supplier Dimensions fmml 

CF Carbon fiber, carbon binder Brembro Brake Discs 25x25x5 
SiC/C SiC particles, carbon binder Petroceramics 25x25x5 

F SiC particles, carbon binder Erbicol 25x25x15 
G Partially graphitized carbon Schunk 25x25x15 
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High purity Si 99.995 % supplied by Sigma Aldrich was used for infiltration tests. 

2.2 INFILTRATION TESTS 
Infiltrations were carried out in an horizontal tube furnace (Carbolite STF 16/75/450), in 

an argon atmosphere with a flow rate of 60 cm3/min and a heating rate of 3 °C/min. Different 
reaction temperatures (1450-1550 °C) and dwell times (1-8 hours) were tested. Sample and 
silicon were put inside the furnace in an alumina boat-shaped crucible, which was previously 
coated with a bore nitride layer to prevent the reaction between silicon and the crucible. 

2.3 MICROSTRUCTURE 
Samples were cut in smaller pieces using a slow speed cutting saw Isomet from Buehler 

with a diamond wafer 15LC, embedded in phenolic resin and polished with proper 
materialographic techniques14 summarized in table 2. 

Cloth Abrasive Lubricant w(rpm) t (min) 
UI trap rep Diamond embedded 20 ^m water 200 until flatness is reached 
Texmet Diamond 15 jj.m paste oil 100 30 
Texmet Diamond 6 tim paste oil 100 30 
Texmet Diamond 1 fain paste oil 100 30 

Cheniomet Silica gel 0.1 nm water 100 5 

Microstructure was assessed with optical microscopy using reflected light in an optical 
microscope model PM3 from Olympus. Images were taken with a digital camera from Sony, 
model SSC-DC58AP using different magnifications (5x, lOx, 20x, 50x). 

The porosity and pore size distribution of original preforms were characterized with 
mercury intrusion porosimetry using a Micrometrics Autopore IV 9500 device. Crystalline 
phases, both in the original preforms and in the SiC composites obtained, were identified with X 
ray diffraction tests, carried out in an X-Ray diffractometer Brucker model D8 advance equipped 
with a Cu cathode and Ni filter. Monochromatic Cu Ka radiation (>.=1.5406 A) was used. The 
device operated at 40 kV and 40 mA and in the angular scanning, from 10° to 80°, a step of 0.1° 
and a preset time of 3 s were used. To overcome the non-planarity of the samples a GObel mirror 
was used in order to work properly with a parallel optical beam. Skeletal density (ps) was 
determined with helium picnometry using a Micrometrics Acupyc 1330TC device. Bulk density 
was measured using Archimedes' method using an AG204 delta range analytical balance from 
Mettler Toledo with a suitable kit. 

3. RESULTS AND DISCUSION 

3.1 GREEN PREFORM CHARACTERIZATION 
The mean pore diameter (Dm), open porosity (P), skeletal (ps) and bulk (pb) densities of 

the carbon preforms are listed in table 2. 
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Table 3. Characteristics of the carbon preforms 
P reform P (%) Dm (nrn) Ps ( g W ) Pt,<g/cmJ) 

CF 24 13,4 1.8 1.16-1.25 
SiC/C 30 1.3 3.1 2.15-2,19 

F* 57 0.86 3.2 0.17-0.21 
G 47 27.2 1,2 0.60-0.70 

•Cata sliown is referred to the foam branches 

It can be observed in table 3, that all preforms, except CF, exhibit a suitable porosity and 
a mean pore diameter to ensure complete infiltration without pore blocking. Even though CF 
preforms have a mean pore diameter wide enough to be infiltrated, the cumulative mercury plot 
(Figure 2) shows a wide distribution of pore sizes. Furthermore pore size distribution (Figure 3) 
shows that the CF preform contains pores of around 1-3 nm, which may be blocked during early 
stages of the infiltration. The rest of the preforms present a narrow pore size distribution around 
the mean value as depicted in figure 3. 

Figure 2. Mercury cumulative intruded volume vs pressure plot obtained with mercury 
porosimetiy for all green preforms. 

Taking into account that carbon fibers have a diameter of around 7 nm, when packed and 
oriented in one direction, they leave a star-shaped pore of around 3 |im diameter so the small 
pores mentioned before correspond to the holes between the fibers. The larger porosity 
corresponds to holes left between the fiber domains which are randomly oriented. This 
microstructure can be seen in figure 4, where carbon fibers are spotted as circles or ellipses 
depending on their orientation. Small star-shaped pores are observed between the fibers, some of 
them filled with the carbonized binder. 
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