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1. Introduction
In the present work, we have aimed at establishing a link between design, processing and evaluation for fiber
reinforced ceramic composites. Therefore, initial experiments were performed in order to determine a suitable technique
to sinter ceramics and ceramic composites. Our attention was focused on a new sintering process known as spark
plasma sintering (SPS). In addition, we analyzed two groups of fiber ceramic composites; discontinuous random fiber

and whisker composites, and continuous aligned fiber composites. Mechanical properties (fracture energy G, and fracture
toughness K.) of fiber/whisker reinforced ceramic composites prepared by SPS process were determined by three point

bending tests. Furthermore, this characterization included the determination of the principal mechanism that affects the
mechanical response of the composites. Finally, based on the experimental results regarding the composite properties
and the toughening mechanism, micromechanical models were proposed as a design tool for predicting the composite

mechanical response in terms of fracture energy and strength.

2. Spark plasma sintering of alumina powders and its mechanical evaluation

Sintering experiments were performed to examine the densification behavior of pure Al,04 powders at 1723 K

for 5 min and a pressure of 49.0 MPa. It was observed that powder densification occurred earlier and faster in SPS

process compared with in hot pressing (HP). This enabled us to sinter Al,O3 and ZrO, (with and without dopant

addition) 1o full density at a temperature condition of 1873 K. Moreover, SiC powders were sintered to a relative density

of 98.5 % at 2673 K. All the specimens were produced in an interval of time as short as 5 min. Microstructural
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analysis revealed the formation of homogeneous fine-grained structure (< 1.5 1 m) in doped ceramics produced by SPS.
The strength of the ceramics was determined by modified small punch tests. It was shown for the SPS specimens that
the fine grained structure produced high strength at low temperature compared with the mechanical response exhibited by
fire vacuum sintered (FVS) specimens. Moreover, significant decrease of strength observed on the specimens with
dopant addition at elevated temperatures (beyond 1373 K) may be due to the presence of an intergranular phase which
promotes grain boundary sliding. So far, full densification of Al,O; powders without sintering aids has not been
achieved by conventional process (HP or FVS). The Al,O3 without dopant produced by SPS, particularly showed a
constant strength over a wide range of temperature up to 1773 K. The above mentioned results demonstrate that the

SPS method is more suitable to produce monolithic ceramics than the conventional processes (HP and FVS).

3. Preparation of discontinuous random SiC fiber/Al,0; composites by spark plasma sintering

process, and their mechanical evaluation

SiC fibers with low oxygen content (0.5 wt.%) were used to form fiber reinforced Al,O5 composites. In order

to achieve dense composites with the desired mechanical performance, experiments were performed 1o control the
relative density of specimens during the sintering process. First, an analysis of the effect of processing parameters
(sintering temperature and pressure) was done. The results showed that the composite properties such as density and
interfacial shear strength were dependent strongly on the sintering temperature rather than the pressure. The decrease of
the fracture energy observed beyond 1723 K was related to the high interfacial shear strength (23.5 MPa) developed at
the fiber/matrix interface. Regarding the effect of micromechanical parameters such as fiber length, fiber volume fraction

and fiber type on the composite fracture energy G, the following trends were observed: specimens produced with fibers

of 2, 4 and 6 mm length showed a constant value of fracture energy irrespective of the fiber length. The fracture energy
increased with increasing volume fraction of fibers up to 30 vol%. Beyond 30 vol%, a drop of fracture cnergy was
observed due to the agglomeration of fibers and low bulk density. The effect of the oxygen content in the fibers was
investigated using SiC fibers with an oxygen content of 12 wt.%. The results showed that the fracture energy of this
composite was about half of that of the specimens produced with high purity fibers. The lower fracture energy observed
for the high oxygen content is considered 1o be due to the higher interfacial shear strength brought about by a formation

of S5i0, thin film. All the specimens showed severe thermal microcracking which was induced during the cooling stage.

It was also shown that the thermal microcracking severely reduced the load carrying capacity of composites.
Microstructural observations revealed that the main mechanisms that controls the fracture energy in these composites
were characterized by the fiber/matrix interface debonding, fiber pull-out and the considerable amount of fiber rupture at
the matrix crack plane. It was observed that these mechanisms were influenced by the interfacial shear strength in

combination with the fiber embedment length and its orientation with respect to the matrix crack plane.

4. Preparation of discontinuous random SiC whiskers/Al,0; composites by spark plasma

sintering process, and their mechanical evaluation

In an attempt to increase the load carrying capacity of Al,O3; composites SiC whiskers were used as a

reinforcement. The thermal microcracking was prevented in all the SiC whisker/Al,03 composites produced by SPS,
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resulting in higher fracture energy in comparison with the SiC fiber composites. Results on the evaluation of the
processing parameters (sintering temperature and pressure) showed a frend similar as that observed for the SiC fiber

composites. Moreover, the effect of whisker content and the dopant addition (Y,03) on the composites produced by SPS

were investigated. A considerable increase of the fracture toughness (6.5 MPa - mV2) was obtained when the whisker
content was increased up to 40 vol%. The incorporation of dopants into the matrix represents one of the methods to
control the feature of the interfacial property. The results obtained for 20 vol% whisker composites showed that both

fracture energy and foughness were slightly increased when a content of 1 wi.% of Y,03 was incorporated into the
matrix (AlO3). These mechanical properties were insensitive to the dopant addition over a content of Y03 between 1

t0 5 wt.%. Microstructural analysis revealed that the main fracture mechanisms were the interfacial debonding and the-
whisker pull-out. In addition, it was shown that a great amount of whisker oriented at high and low angles contributed
to the bridging action at the crack plane behind the crack tip. Furthermore, a distinct feature observed on these

specimens was the whisker rupture at the matrix crack plane which was induced by the bending moment.

5. Development of the fiber pull-out rupture model for discontinuous random fiber composites
Recently, several models for discontinuous random fiber composites have been developed. The current models
neglect the contribution of the fibers oriented at low angles. These models only consider a normal alignment of the fiber
with the matrix crack plane. To account for the contribution of the fiber pull-out and fiber rupture to the composite
toughness a model based on micromechanical parameters such as fiber geometry, fiber properties, volume fraction has
been developed. The present model employs a bridging stress-crack opening displacement relationship derived for
discontinuous random fiber composites. The model assumes fiber/matrix interface controlled by a constant frictional
bond stress. It accounts for the effect of fiber orientation which leads to a local frictional effect called snubbing, and
more importantly takes into account the effect of fiber rupture observed in both the SiC fiber and whisker/Al;0O5

composites. The model predicted fracture energy values close to the experimental data, in comparison with the results
predicted assuming no fiber rupture. The developed model was used to examine the effect of the composite
microstructural parameters on the strength and fracture energy. It was particularly pointed out that there is an optimal

length which improves composite properties.

6. Preparation of continuous carbon fiber/compeosites and a fiber distribution model

The use of continuous fibers in brittle matrices produces highest strength and toughness compared with the
discontinuously distributed fibers and whiskers. These composites represent a promising candidate for structural
applications despite their processing difficulty. Continuous aligned carbon fiber/SiC preform was sintered 1o 95% of the
theorical density by SPS process at 2223 K for 1 min. Similar preforms were sintered by hot pressing at the same
temperature for 60 min. The relative density achieved on this specimen was 90 % of the theorical density. The
evaluation of the interfacial shear strength revealed that for composites produced by SPS a high interfacial shear strength
(30.5 MPa) was developed at the fiber/matrix interface. This value was two times greater than that observed on the HP
specimen. It was shown that the high interfacial shear strength improved the composite strength but lead to a reduction
of the capacity of energy absorption. The presence of extensive fiber pull-out and the difference on the fiber pull-out

length were clear evidence of fiber strength distribution. Based on the above experimental results for the composites
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sintered by SPS and HP, the fracture behavior was analyzed by means of a statistical model developed by Thouless and

Evans. This model takes into account the effect of the strength distribution along the fiber axis. Composite fracture

energy predictions by this model were in good agreement with the experimental values, validating its usefulness.

7. Conclusions

The spark plasma sintering process is a suitable process that can be used 10 synthesize ceramics and ceramic
composites. The micromechanical models proposed here may provide the link between the constituent microstructure
and the composite properties. Parametric studies showed that the use of high strength fibers is recommended to achieve

sufficient composite mechanical performance in terms of composite fracture energy and strength.

—139—



® T B B2 0o E B

BRI 2 vy AREEME 2RI (BERT A0, BEYHEZHEEL) DR EFVERRBL, &
FEFVELTERTAZLFHRETH S, MAT, WEODBVARELBRLARZT S EVEETH L, AR
iz, RERBOBEEEE LTRSLTERREY I XvER AV, RENE 2 5 1 TOEBMMERILEAMBT2DE
SV ARATESMEDS X F—FmER#EL I3 v 7 ARBEAMAERIEL . ThENOBRBEE 7 Mg -
BERL . BEHMEOREETNVORBICET AR 2T o R 2 I LD DTERTIEL V2D,

E1BEEIHETH 5,

E2ETE, RETSATELTHEVWTTNISF, INA=TBIPRIEFrAELT I v 7 AOBRERSITV,
REIREE - BRZ O ICIENICHT 5 B 2B LM CHTARIIZE/RL TWD, &6, HIERHELZLUIZERY
FIVABCI DRI NIREM ERBT 210X ), MET I XATEMERDOFEL LB L T X ) ERRETH
WA EN T I v I AR TELHETH LI ERL TV A,

FIETHE, 7Yy ARETEFRBEE A A OBRERBICHTIMRHECENE LT, RETIIREIZILNTL
IFETPMY I REL, RILY A RERHELRIEEN LT 2EEMBOREERZ T T, BRNBEICED
&, WUESBIIEBEOIR (. SRS VIBINIC X VIO LR A T ERRL TS, S 612, BETHMEHEC
RIZTHEER. SETES I UREREOZETHLMIL TS,

EABTIE, RILZART A AD—2BIEEMELTHVAI LIV BLHENZMBTELIEERL, &5
. COBEFRBVTHRERBRERERAMB THRESRALIDELE-THL I L AL TE,

EH5ETH, 7V 7 ARATERBEESHAORBINEL FHT 5 -00BENFEHETLVEREL TS,
COETFNVIBEIN-HERBL TOCBIILD0THY, SO (B, SR 2O ICHAREEEL T
Vo, 3HIC, EREREMETAIZLICED, REFVFBHME. <PV v 7 220 WICREFEICET /85 X —
F i OREMEY TR REETEAIEEFELTVS, TNEMHSHIET2EE2HRATH S,

E6ETIH., —FMERBHEEESMELNRL LT, RBTY I AREN L) REEREBME THILL 2R{ILY 1 FE
EMEEARL., BEBRBCI)., ZOHEEBEEI< MY v 7 AR TOBBEOBIICERL 25Ttk > Tw
HBTEEHLPIIL TS, 850, TOMBHEBELHT A T FRERSBESSMHOMBENEL HET S
HODEREZAREBTA S,

BETERIREETHS,

BEESBICARIIE, BRE7 7 A EZAVCEMERLYT I v 7 AEEAMBEEICT 2 20088ERS
FEBBEPHEOREETVICET IR ZITV, W OPOEELZREEZBTEN ., BMIES O IZBMMEE
DRBLESTHLIHMS RV,

koT, ARXIIEL (T%) ORMHXLLTEKLEDD,

—140—



