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Toughening Mechanisms in SiC-TiC Composites
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Three different microstructures in SiC-TiC composites containing Al,O3 and Y,O3 as sintering additives were
prepared by hot-pressing and subsequent annealing. To investigate the dominant toughening mechanism oper-
ating in toughened SiC-TiC composites, the microstructure-crack interaction was examined by image analysis.
Crack deflection by elongated «-SiC grains was most frequently observed (61% of the observed sites) as the dom-
inant toughening mechanism in the SiC-TiC composites. Crack deflection was generally observed for elongated
a-SiC grains with aspect ratio (AR) > 2.5 and grain thickness (f) < 2.5 pm. Crack bridging (21% of the observed
sites) was also observed as one of the operating toughening mechanisms. The rest (18%) of the observed grains
fractured transgranularly. The crack bridging mechanism was mostly related to thinner grains with thickness
t < 2 pum, while transgranularly fractured elongated-grains were mostly related to thicker grains with thickness

2 <t <4pm.
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1. Introduction

Several investigations on SiC-TiC composites have shown that
anisotropically grown «-SiC grains (hereafter “elongated grains”
in a two-dimensional image) promote an increment of toughness
in the presence of a relatively weak interface.”™ A fracture
toughness of ~6.2 MPa-m'/? has been reported in SiC-TiC nano-
composites with needlelike microstructure, and a higher frac-
ture toughness of 6.9 MPa-m'/? was reported in toughened SiC—
TiC composites with yttrium aluminum garnet (Y3Al501,,
YAG) as a grain boundary phase.”’ Attempts to introduce elongat-
ed SiC grains into the microstructure involves one of the follow-
ing two strategies: (i) taking advantage of the B — o phase
transformation of SiC at high temperatures, which usually accel-
erates grain growth of SiC in the presence of TiC,”® or (ii) using
the chemical vapor deposition (CVD) process."? The latter ef-
forts include the codeposition of SiC and TiC to fabricate SiC—
TiC nanocomposites with needle-like microstructure.” These
elongated grains can act as a reinforcing phase that promotes
crack bridging and deflection, resulting in improved fracture
toughness. For this to occur, the elongated grains must remain in-
tact as the crack front approaches and passes them. This can hap-
pen if it is easier for the crack front to deflect along a basal plane
of the hexagonal platelet («-SiC grains) rather than to cut through
the grain. The occurrence of toughening mechanisms depends on
the grain morphology (i.e., microstructural characteristics) and the
toughness of the intergranular film, which is controlled by the
chemistry of sintering additives.”"®

Some recent publications focused on the relationship between
the processing, microstructure, and toughness in SiC-TiC compo-
sites.”™® Crack deflection and crack bridging were suggested as
operating mechanisms in toughened SiC-TiC composites.**"?
The present paper experimentally examines the microstructure-
crack interaction in the SiC-TiC composites with different micro-
structures, which were prepared by varying heat-treatment condi-
tions and polytype composition of the starting powders, without
changing the additive composition. Analysis is based on geomet-
ric features of SiC grains, i.e., the thickness (7), length (/), and as-
pect ratio (AR) of the SiC grains. Based on the analysis, the
relationship between the geometric features of SiC grains and
the toughening mechanism is discussed, and the dominant tough-
ening mechanism operating in these SiC-TiC composites is sug-
gested.

2. Experimental procedure

Commercially available B-SiC (Ultrafine, Ibiden Co., Ltd.,
Nagoya), «-SiC (A-1 grade, Showa Denko, Tokyo), TiC (grade
C.A.S., H. C. Starck, Berlin, Germany), Al,O3 (99.9% pure, Su-
mitomo Chemical Co., Tokyo), and Y,03 (99.9% pure, Shin-Etsu
Chemical Co., Tokyo) were used as the starting powders. Two
batches of powders were mixed, each containing 60 mass% SiC,
30 mass% TiC, 4.3 mass% Al,O3, and 5.7 mass% Y,0Os3. The indi-
vidual batches were ball-milled separately in ethanol for 24 h us-
ing SiC grinding balls and a jar. The milled slurry was dried,
sieved, and hot-pressed at 1820°C for 1h under a pressure of
25MPa in an argon atmosphere. The hot-pressed samples were
heated further at 2000°C for 6 h or 12 h under an applied pressure
of 25 MPa in an argon atmosphere to enhance grain growth. The
heating rate was 20°C/min, and the cooling rate was ~70°C/
min from the heat-treatment temperature to 1200°C. The batch
compositions and sample designations are given in Table 1.

The relative densities of the annealed samples were determined
by the Archimedes method using deionized water as an immersion
medium. The theoretical density of the samples, 3.707 g/cm?, was
calculated according to the rule of mixtures. X-ray diffractometry
(XRD), using Cu K radiation, was performed on the ground pow-
ders. The hot-pressed and annealed samples were cut and polish-
ed. Microstructure-crack interactions were investigated for cracks

Table 1. Batch Composition, Annealing Conditions, and Relative
Density of Samples
Annealing Relative Fracture
Sample Batch Composition / mass% Condition  Density Toughness /
(°C/hiMPa) /% MPa.m"?
9.4% B-SiC' + 0.6% a-SiC* + 30%
89.4% p-Si % aSICT+ 30% oooiers 982 68102
TiCY + 4.3% Al,O; + 5.7% Y0,
59.4% B-SiC + 0.6% a-SiC
2 +30% TiC + 4.3% Al,O3 2000/12/25 971 6.210.1
+5.7% Y203
60% a-SiC + 30% TiC
3 %o a-Si i 2000/6/25  97.4 65£0.2
+4.3% Al,O3 + 5.7% Y03

T Ultrafine, Ibiden Co., Ltd., Nagoya, Japan
1 A-1 grade, Showa Denko, Tokyo, Japan

9 C. A. S. grade, H. C. Starck, Berlin, Germany
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Fig. 1.

Microstructures of annealed SiC-TiC composites: (a) sample 1, (b) sample 2, and (c) sample 3 (refer to Table 1).

Fig. 2. SEM micrographs of crack profiles in annealed samples: (a) sample 1, (b) sample 2, and (c) sample 3 (refer to Table 1).

introduced by a Vickers indenter at a load of 196 N on the polish-
ed surfaces. Then, the samples were etched by a plasma of CFy
containing 7.8% O, for image analysis. The microstructures and
the microstructure-crack interactions were observed by scanning
electron microscopy (SEM). The grains interacting with a propa-
gating crack were quantitatively analyzed by image analysis (Im-
age-Pro Plus, Media Cybernetics, Maryland, U.S.A.), according to
a procedure shown in a previous study.® Definitions of micro-
structural characteristics are demonstrated in Ref. 8. The thickness
(1) of each grain was determined directly from the shortest grain
dimension in its two-dimensional image; the apparent length (/)
of each grain was obtained from the longest dimension. The mean
value of the observed aspect ratio (//t) was considered to be an
average aspect ratio.

The fracture toughness was estimated by measuring the lengths
of cracks that were generated by a Vickers indenter.'” The varia-
tion of fracture toughness with indentation load (R-curve-like be-
havior) was estimated by changing the indentation load over a
range of 49-294 N, and the toughness values that were measured
in the steady-state region were reported in this study.

3. Results and discussion

All samples showed relative densities of >97% after annealing
under pressure (Table 1). The microstructures of the sintered and
annealed samples are shown in Fig. 1. The bright phase is TiC and
the dark phase is SiC. All samples showed microstructures similar
to typical in situ-toughened ceramics, consisting of elongated o-
SiC grains and matrix-like TiC grains. However, the morphology
of SiC grains was different depending on the polytype of the start-
ing SiC powders and the annealing conditions. Sample 1 (Fig. 1
(a)) prepared from B-SiC containing 1 mass% «-SiC shows more
elongated grains whereas sample 3 (Fig. 1(c)) prepared from o-
SiC shows less elongated grains. The difference in morphology
of SiC grains reflects different growth behavior of SiC grains.
The grain growth of SiC grains in sample 1 has resulted from
an overgrowth of B-SiC on «-SiC seeds during hot-pressing, re-
sulting in the formation of o/ composite grains.'” Strain at the

a/p interface accelerated the elongation of the grains by the g —
o phase transformation of SiC during annealing,'”"'¥ resulting in
a higher aspect ratio of SiC grains than sample 3. Phase analysis
of the annealed samples by XRD revealed -SiC and TiC as major
phases and Y3Al50,; as a trace, indicating the occurrence of g —
o phase transformation of SiC during annealing. It is well docu-
mented that the 8 — « phase transformation of SiC led to the
in-situ growth of elongated «-SiC grains.”'¥ In contrast, the
grain growth in sample 3 has resulted from the solution-reprecipi-
tation mechanism, i.e., growing of larger relatively equiaxed o-
SiC grains by consuming relatively small «-SiC grains, without
the § — « phase transformation of SiC."> When the annealing
time was increased, the thickness of grains increased, but the as-
pect ratio decreased because of the impingement of growing
grains (see Figs. 1(a) and (b)).

The crack paths, introduced by Vickers indentation, were inves-
tigated to analyze the toughening mechanisms. SEM observation
on crack paths suggests the occurrence of both crack deflection
and crack bridging by elongated SiC grains as operating toughen-
ing mechanisms in these composites (Fig. 2). Another possible
mechanism is microcrack toughening, owing to the thermal ex-
pansion mismatch between the SiC and TiC grains. Kleebe'® re-
ported that the predominant toughening mechanism in SiC with
YAG as a secondary phase was microcrack toughening. Hence,
the contribution of microcrack toughening cannot be ruled out
in these composites. However, it is largely accepted that crack
bridging and deflection are the dominant toughening mechanisms
in these composites.>**?!” Transgranular fracture of some
grains was also observed. The observed toughening mechanisms
changed with respect to the morphology of SiC grains. The 6 h an-
nealed samples (samples 1 and 3) showed tortuous crack paths
and demonstrated significant crack bridging and deflection by
elongated SiC grains, as shown in Figs. 2(a) and (c). In contrast,
12 h-annealed samples showed an increased tendency for the
transgranular fracture. The fracture toughness of 6-h annealed
sample (sample 1) was 6.8 MPa-m'!/? (Table 1). Further annealing
up to 12h (sample 2) decreased the fracture toughness



20 Toughening Mechanism in SiC-TiC Composites

12 12 12
- (@) (b) (c)

ot = " - —_ 9F — 9F
g ' 2 . =
(o] - lll. 2 R
— - -—
© 6f ] g 6 © 6
4 L X'y '..= 9—{' -:. r .
- - ]
8 " .l- " = 8 I | " - 8 s i
o L - " n Q gl [ ] o 3l [ L] L
2 3 l. ~.. S— g - [ ] 3(/) mm . =

LY ]
0 ) ; . 0 1 1 0 . . .
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Thickness / um

Thickness / um

Thickness / um

Fig. 3. Relation between aspect ratio and thickness of SiC grains observed at (a) crack deflection sites, (b) crack bridging sites, and

(c) cut-elongated-grains in SiC-30mass% TiC composites.

(6.2 MPa-m'/?) slightly, although the thickness and the length of
a-SiC grains were increased. This could be attributed to the in-
creasing tendency of the transgranular fracture with the prolonged
annealing. It should be mentioned that the fracture toughness val-
ues are relative values (not absolute values), because they were
measured by indentation method.'”

All grains interacting with a propagating crack were quantita-
tively analyzed by image analysis. The grains interacting with a
propagating crack were classified into three principal categories:
(i) grains observed at crack deflection sites (designated as deflec-
tion grains); (ii) grains observed at crack bridging sites (bridging
grains); and (iii) grains fractured transgranularly (cut elongated
grains).

The aspect ratio-thickness relation of SiC grains observed at the
microstructure-crack interaction sites are shown in Fig. 3. Crack
deflection mechanism was mostly related to elongated «-SiC
grains with # < 2.5um and AR > 2.5 (Fig. 3(a)). The crack deflec-
tion was most frequently observed in the SiC-30 mass% TiC com-
posites. Crack bridging was generally observed for elongated o-
SiC grains with t < 2um and AR > 3 (Fig. 3(b)). The grain was
partially debonded along the relatively weak interface boundaries
and acted in a definite time period as an elastic bridging for the
propagating crack. Cut-elongated grains were related to «-SiC
grains with 2 um < ¢ < 4pum and 2 < AR < 4.5 (Fig. 3(c)). The
average values of length, thickness and aspect ratio of SiC grains
belonging to each category are compared in Fig. 4. Generally,
grains contributing to crack bridging were thinner and shorter than
the grains contributing to crack deflection. Cut elongated grains
were thicker and longer than the grains contributing to the crack
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Fig. 4. Relation between microstructural parameter and toughening
mechanism in toughened SiC-30mass% TiC composites.

deflection. The occurrence of the crack bridging mechanism was
strictly limited to elongated grains with # < 2 um. This restriction
can be explained as follows. At the moment when the crack tip is
just behind the toughening grain, this grain is stressed by bending.
Because thick grains are less flexible than thin ones, elongated SiC
grains with 7 > 2 um may not act as bridges and fail during the pe-
riod of bending, as observed in Fig. 2(b). Figure 4 also shows that
grains with high aspect ratio are effective in creating crack deflec-
tion.

Among the SiC grains observed at the microstructure-crack in-
teraction sites in all samples, 61% of the grains were related to
crack deflection, 21% to crack bridging, and 18% to cut elongated
grains. Present observation suggests that the dominant toughening
mechanism operating in the present SiC-TiC composites is be-
lieved to be a crack deflection by elongated «-SiC grains. Howev-
er, the dominant toughening mechanism may depend on the
microstructure of the composites. In this study, there was no dra-
matic microstructural change between samples, although the an-
nealing time and crystalline phase of the starting powders have
been changed. This may be due to the impingement of growing
SiC grains. The present results suggest that maximizing the vol-
ume content of SiC grains with # < 2um and AR > 3, which are
common grains for both crack bridging and deflection, is necessa-
ry for further improvement in toughness of the SiC-TiC compo-
sites.

4. Conclusions

In situ-toughened SiC-TiC composites were prepared using SiC
starting powders with different «:8 phase ratios and different an-
nealing conditions, using a constant Al,O3 and Y,O3 sintering ad-
ditive content. The resulting microstructures differed in the
morphology of the SiC grains formed. Observation of crack-mi-
crostructure interaction suggests that the dominant toughening
mechanism operating in toughened SiC-TiC composites was
crack deflection by elongated SiC grains. SiC grains with
t <2.5um and AR > 2.5 contributed to the toughening mecha-
nism effectively.
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