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By adjusting the «: 8 SiC phase ratios in the individual starting powders, a layered SiC
consisting of surface and inner layers with distinctively different microstructures are
produced by hot-pressing and subsequent annealing. The surface layer consisted of
relatively fine, equiaxed «-SiC grains, designed for high strength, while the inner layer
consisted of elongated «-SiC grains, designed for high toughness. By virtue of the common
SiC phase and the same sintering aids (Al,03-Y,03), the interlayer interfaces are chemically
compatible and strongly bonded. R-curve behavior of the layered SiC was measured and
compared with the related monolithic materials. The layered SiC showed better damage
tolerance than monolithic materials and stronger R-curve behavior than surface layer. This
superior performance of layered SiC ceramics was attributed to the contribution of both
high strength of the surface layer for small flaws and high toughness of the inner layer for
larger flaws. © 2001 Kluwer Academic Publishers

1. Introduction of the whole body have been maintained with minimal
The development of reliable ceramics for structural aploss in bending strength [13-17].

plications has been approached from at least two dif- In this study,«-SiC anda-SiC seedeg-SiC were
ferent directions. One common approach is to developised for the surface and inner layers, respectively. The
stronger materials through better processing and mistrength with controlled flaw and R-curve behavior of
crostructural refinements [1-3]. These techniques typithe layered silicon carbide ceramics were investigated
cally improve strength to an approximately equal extentand compared with those of surface and inner mono-
throughout the range of starting flaw sizes, but still leavdithic materials.

a low toughness. Another approach is to activate an

R-curve inducing toughening mechanism such as crack

bridging [4-6]. It is well recognized that the tough- 2. Experimental procedure

ness of silicon carbide ceramics can be profoundly inCommercially availablg-SiC (Ultrafine grade, Ibiden
creased by suitably tailoring the microstructure, e.g.Co., Nagoya, Japany;SiC (A-1 grade, Showa Denco,
by growing large elongated grains [7—10] and/or byTokyo, Japan), ¥Os (Fine grade, H. C. Starck, Berlin,
manipulating the grain boundary phase [11], in orderGermany), and AlO; (grade AKP-30, Sumitomo

to enhance bridging and deflection. Although the in-Chemicals, Osaka, Japan) were used as starting pow-
creased toughness imparts the beneficial property afers. Thex-SiC powder was used for fabricating sur-
damage tolerance [6, 12], the toughness increase is geface layer and also added to act as seeds for grain growth
erally limited to the long-crack region. These improve-and phase transformation in inner layer. To prepare a
ments are often achieved at the expense of strengtipowder composition for surface layer, 83.8 wtdGiC,
Recently, multilayer cramics have been fabricated t®.2 wt% Y,03 and 7.0 wt% A}O3 were ball milled in
attack the above problems [13-17]. By placing a thinethanol with SiC grinding balls for 24 h. To prepare
layer of high-strength material on the surface of a high-a powder composition for inner layer, 1 wtéSiC,
toughness body, the toughness and damage toleran8@.8 wt% -SiC, 9.2 wt% Y,O3, and 7.0 wt% AJOs
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were ball milled in ethanol with SiC grinding balls for TABLE | Characteristics of hot-pressed and annealed materials
24 h. The milled slurry was dried and sieved through a

2. Hot-pressed material Annealed material
60 mesh screen. Individual batches were loaded alter- P
natively in graphite mold for surface and inner layers of Crystalline Crystalline
the three-layered materials. Approximately 2.1 g of the Relative phase Relative phase
pol\_’v?je_r frlom tlze(ggrface'clﬁyer'bat;h V(\;as placed in C"-;I\/Iaterial density(%) Major Trace density(%) Major Trace
cylindrical mo mm diameter) and was presse
under a pressure of 5 MPa. After removing the dieSurface layer 99.6 6H  YAG97.7 6H  4H, YAG
punch, 5.2 g of powder from the inner-layer-batch wag"ner 'ég’zf " 9%9-23 3¢ YAG 997756 4H, 6H YAG
laid down and pressed under the same pressure. Finally?Ye"ed Pody 99- - = ' -~

2.1 g of the powder from t_he surface—layer—batch WaSy 3A1501, (yttrium aluminium garnet).
poured over the compact in the mold cavity and was The thickness of the surface layerid50 um.
pressed again under the same pressure. Two mono-

lithic materials from separate batches also were pre- .
pared as references (designated as surface layer ap@ay by the plasma of GFso that the microstruc-

inner layer). The three-layer compact and two mono{ure was delineated by the grain boundary phase. The
lithic forms were hot-pressed separately at T&Debr hot-pressed materials consisted of eqwqxed SiC grains
2 h under a pressure of 25 MPa in an argon atmospherlr both layers. After subsequent annealing at T€00
The hot-pressed materials were subsequently annealédre was a distinct change in the microstructure be-
at 1900C for 5 h under an atmospheric pressure of Artween both layers. As shown in Fig. 1a, the layered
to enhance grain growth. boundary is sharp and well visible. No processing de-
Relative density was measured by the Archimeded€cts or microstructural inhomogeneities were found at
method. The theoretical density of specimen, 3.375 gfhe layered boundaries. As shown inFig. 1b, the surface
cm?, was calculated according to the rule of mixtures l2yer consisted of mostly fine, equiaxed grains of grain
X-ray diffraction (XRD) using Cu K radiation was per-  SIZ€ 1.0-2.5um. It is very S|r_n|Iar to the microstruc-
formed on ground powders. The hot-pressed and arfu"e of as-hpt-pressed matgrlals except for small incre-
nealed materials were cut, polished, and then etched bjent in grain size. The grain growth through solution-
a plasma of CEcontaining 7.8% @. The microstruc-  'eprecipitation, as evidenced by core/rim structure in
ture was observed by scanning electron microscopyid: 1b, has been occurred keeping the morphology
(SEM). Specimens for R-curve tests were machine®f S_|C grains equiaxed dur.mg _anneallng. In contrast,
into 2.5x 3 x 25 mm bars with a surface layer thick- the inner layer, as shown in Fig. 1c, showed a typi-
ness of~150 um using an 800 grit diamond wheel. cal _tough(_ened microstructure consisting of elongated
The tensile surface was polished up tath diamond ~ «-SiC grains of length 1.5-5.0m and diameter 0.5—
paste to remove a residual stress due to machining anel® #M, owing to thef — « phase transformation of
to produce a finish for optical microscopic observation SIC during annealing [6, 10]. SEM micrographs of
Prior to indentation, a thin film of moisture-free silicone €ach layer shown in Fig. 1b and c included surface
oil was spread over the site of indentation to minimizetraces of radial cracks from a Vickers indentation. As
environmental effects. Special care was taken to orien$hown in Fig. 1b, the crack in the surface layer is pre-
the radial cracks generated from the indentation paradominantly deflected by equiaxed grains. On the other
lel to the sides of the bar. Three Vickers indentationd?and, Fig. 1c for inner layer shows a tortuous crack
with load (P) ranging from 1.96 to 294 N were made,Path with distinct occurrence of crack-wake bridg-
3 mm apart, in the center of the prospective tensile su’d and deflection by elongated SiC grains. Previous
face of each test piece. A total of 40 indented bars fofésults showed that the elongated grain morphology
each of the layered SiC, monolithic surface and inne#S beneficial for toughening while the fine, equiaxed
layers were directly fractured using four-point bending™orphology for strengthening [20]. Thus, the surface
to establish the indentation load-strength relationshiplayer with fine, equiaxed microstructure is expected to
For four-point bending, 10 mm inner and 20 mm outernave higher strength than the inner layer. The tough-
spans were used. The strength data of specimens th@@SS of surface layer and inner layer, measured by
fractured from the indented sites were used for the supindentation with a load of 98 N, were 4220.3 and

sequent R-curve analysis as described by Krause [18f-7= 0.5 MPa m"/?, respectively. Difference in tough-
ness values of two layers was due to the difference in

grain size.

Fracture strength vs indentation load for surface
3. Results and discussion layer, inner layer and layered SiC ceramics are shown
The characteristics of both the hot-pressed and the ain Fig. 2. The strengths from natural flaws of each ma-
nealed materials are summarized in Table |. Relativeerials were arbitrarily plotted & =1 N. The natural
densities of>99% were achieved by hot-pressing for strength values for surface layer (51£68.8 MPa)
surface layer, inner layer and layered SiC. Howeverwas higher than that forinner layer (344:99.0 MPa),
prolonged annealing at 1900 resulted in a decrease owing to the finer microstructure, and the value of lay-
of the relative density, probably due to the formation ofered SiC (410.6- 17.4 MPa) was between those of both
volatile components such as8), SiO and CO [19]. monolithic layers. The indented strengths for layered
The microstructure of the hot-pressed and annealed m&iC were slightly higher than those of inner layers in the
terials are shown in Fig. 1. SiC grains were etchedange of indented load tested. The bending strength for
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(b) surface layer and (c) inner layer.

Figure 1 SEM micrographs of crack paths induced by a Vickers indentation in (a) layered SiC
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Figure 2 Plots of strength versus indentation load for layered SiC, sur-
face layer and inner layer. 4. Summary
Layered SiC ceramics, consisted of inner layer with

the surface layer declined from natural strength with in-2n1n sit-toughened microstructure and surface layer

creasing the indentation load, with a slope close 1¢3 mth ar;} iqlt“aXEd _mlcros(;rucgure, hast been fia_\bncate:[d
in logarithmic coordinates. In contrast, the bendingRroug ]f)-?resswégsqg subsequen ag”ea'”.g rgtt‘)e'
strength forthe inner layer and layered SiC deviated sig: -curves for layered SIC ceramics were determined by
nificantly from the aforementioned#3 dependence: the indentation-strength method and compared with the

instead, showed a slower declination from the n<':1turaf6|"’l'[ed monolithic materials. The Iayered_Si_C ceramics
strength with increasing the indentation load, which iSshowed better flaw tolerance than monolithic materials

indicative of flaw-tolerant behavior. Initially, strength and stronger R-curve behavior than the surface layer.

of surface layer was higher than those of inner IayerS.uperlor performance of layered SiC ceramics was at-

and layered SiC. However, after 4.9 N indentation, Sur_trlbuted to the contribution of both high strength of the

face layer loses about 35% of its initial strength, while.surfalce layer for small flaws and high toughness of the

layered SiC loses about 15% of its natural strength and™Me" layer for larger flaws.

becomes a stronger material than surface layer for an

equivalent indentation load. This result indicates that

the layered SiC possesses better damage tolerance thAoknowledgement

surface layer. This work was supported in 1999 by Research Fund,
For the R-curve analysis, linear regression was uselumoh National University of Technology and by

to obtain the best fit for the data from the both lay- Korean Research Foundation under Grant No. KRF-

ers and layered SiC. It showed that slopes of surfac89-042-E00133.

layer, inner layer, and layered SiC were 0.302, 0.268,

and 0.276, respectively. Because the slopes of all ma-

terials were less than 1/3, the rising R-curve behav-R
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