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Toughness characteristics of a heterogeneous silicon 
carbide with a coarsened and elongated grain structure 
and an intergranular second phase are evaluated relative 
to a homogeneous, fine-grain control using indentation- 
strength data. The heterogeneous material exhibits a 
distinctive flaw tolerance, indicative of a pronounced 
toughness curve. Quantitative evaluation of the data reveals 
an enhanced toughness in the long-crack region, with the 
implication of degraded toughness in the short-crack 
region. The enhanced long-crack toughness is identified 
with crack-interface bridging. The degraded short-crack 
toughness is attributed to weakened grain or interface 
boundaries and to internal residual stresses from thermal 
expansion mismatch. A profound manifestation of the 
toughness-curve behavior is a transition in the nature of 
mechanical damage in Hertzian contacts, from classical 
single-crack cone fracture in the homogeneous control 
to distributed subsurface damage in the heterogeneous 
material. 

I. Introduction 

N A previous paper, a new in sifu processing strategy for I tailoring dense silicon carbide (Sic) ceramics with hetero- 
geneous microstructures was reported.’ Using yttria and alu- 
mina sintering agents, a coarse and elongate microstructure was 
obtained, with a residual intergranular second phase. In contrast 
to a homogeneous fine-grain control S i c  material, the fracture 
was found to be highly intergranular with copious crack-inter- 
face bridging, indicating weak and highly stressed interphase 
boundaries. Preliminary measurements of Vickers indent crack 
dimensions indicated more than a twofold increase in the long- 
crack toughness. 

Such heterogeneous microstructural features have been iden- 
tified as principal elements of effective grain bridging, and 
thence of toughness-curve (R- or T-curve) behavior, in mono- 
phase and two-phase ceramics.2-’” To this end, in situ pro- 
cessing of materials with elongate-shaped reinforcements, used 
first in the fabrication of glass-ceramics”.l2 and more recently 
of silicon  nitride^,".'^ offers several advantages: avoidance of 
health hazards associated with conventional whisker reinforce- 
ment; potentially high volume fractions of reinforcement phase; 
fabrication of low-cost, complex, large components; and atmo- 
spheric-pressure processing. Significant improvements in long- 
crack toughness, and attendant flaw tolerance, have been 
previously realized by this route.”-I5 However, the same hetero- 
geneous features can diminish the shor-t-crack toughness, by 
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providing easy fracture paths at large grain facets in residual 
tension.“”10.16 As a consequence, laboratory strength” and wear 
r e s i s t a n ~ e ’ ~ , ’ ~  can be degraded. Effective materials design for 
specific structural applications therefore involves due compro- 
mise between countervailing short- and long-crack properties. 

Accordingly, in this paper we present results of a detailed 
investigation of the long- and short-crack toughness properties 
of our heterogeneous SIC ceramic, in relation to a homoge- 
neous fine-grain control. Indentation-strength tests are used to 
determine the flaw tolerance2”,” and toughness-curveZ’ charac- 
teristics. The strength and toughness are shown to be enhanced 
in the long-crack region by crack-interface bridging from inter- 
locking grains. Conversely, these same properties are dimin- 
ished in the short-crack region by weak interphase boundaries 
and internal residual stresses. The latter microstructural features 
are responsible for a fundamental transition in the local stress- 
strain response at Hertzian contacts, from “elastic-brittle” in 
the homogeneous control to “elastic-ductile” in the heteroge- 
neous material. 

11. Experimental Procedure 

Specimens of heterogeneous S i c  were prepared by in situ 
processing, as previously described.’ Starting powders of P-Sic 
with 0.5 vol% a - S i c  for seeding were liquid-phase pressureless 
sintered with the aid of yttria and alumina additives at 1900°C 
for 0.5 h. A second heat treatment at 2000°C for 3 h was then 
used to effect a complete P-a transition in the Sic ,  and thereby 
cause grain growth.The final microstructure had elongated S i c  
grains -3 p m  thick by -25 p m  long, with 20 vol% yttrium 
aluminum garnet (YAG) crystalline intergranular phase, and 
was 97% dense. The difference in thermal expansion coefficient 
between S i c  and YAG is -5 X “C-’ ,  leading to substan- 
tial residual stresses at the interphase boundaries.’ 

Specimens were also prepared from a relatively homoge- 
neous, commercial pressureless sintered S i c  material (Hexoloy 
SA, Carborundum, Niagara Falls, NY), to establish a reference 
baseline for the ensuing test results. This material had an equi- 
axed, well-bonded microstructure of mean grain size -4 pm, 
again with density 97%. 

Disks 20-mm diameter and 2.5-mm thickness were ground 
from the bulk S i c  and diamond-polished to 1-pm finish. Most 
of these specimens were indented in air at the center of the pol- 
ished face with a Vickers diamond pyramid, at contact loads 
from P = 1 to 300 N. Surfaces of a select few indented speci- 
mens with indentation cracks were sputter-coated with gold and 
viewed in a scanning electron microscope. Some disks were left 
without Vickers indentations, for measurement of “laboratory” 
strengths and for Hertzian contact experiments. 

The bulk of the disks were broken in biaxial flexure with the 
polished sides in tension, using a three-point support and circu- 
lar-flat loading fixture2’ on a universal testing machine (Model 
1122, Instron, Canton, MA). To avoid environmental effects, a 
drop of moisture-free silicone oil was placed on each polished 
surface immediately prior to flexure, and the disk broken in 
rapid loading (failure time <I0 ms). Strengths u, were calcu- 
lated from the failure loads and specimen dimensions.23 Care 
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was taken to examine all broken disks to ensure that failures 
originated from the indentations. Those disks that did not fail 
from an indentation site were included in the laboratory 
strength data pool for unindented specimens. 

Hertzian contact tests were carried out using tungsten carbide 
spheres of radius r = 1.58 to 12.7 mm.24~25 For prescribed val- 
ues of P and r-, contact radii a were measured from impressions 
left in metal coatings on the polished surfaces. These measure- 
ments enabled plots of indentation pressure po = P / m 2  vs 
indentation strain a/r to be con~tructed. '~ A special specimen 
configuration, consisting of two polished rectangular half- 
blocks bonded together with thin adhesive, was used to obtain 
section as well as surface views of the contact damage.2s Inden- 
tations were made symmetrically across the surface trace of the 
bonded interface on the top surface. The adhesive was then dis- 
solved and the half-blocks separated. Finally, the top and side 
surfaces were gold-coated, and viewed in optical Nomarski illu- 
mination and scanning electron microscope (SEM) imaging to 
reveal the damage pattern. 

111. Results 

( I )  Observations of Crack-Interface Bridging 
Observations were made of radial cracks at Vickers indenta- 

tions in the SEM to determine the fracture morphology of the 
Sic .  Examples are shown in Figs. 1 and 2. Figures I(A) and (B) 
compare crack paths in the homogeneous control S i c  and the 
heterogeneous test material, respectively. In the homogeneous 
Sic, the crack is relatively straight and transgranular, with no 
indication of crack-wake bridging. By contrast, the crack in the 
heterogeneous material follows a deflected path along inter- 
phase boundaries, and bridging sites are most apparent. 

Figures 2(A) and (B) show examples of crack-wake bridging 
sites in the heterogeneous Sic .  These micrographs highlight the 
debonding along the relatively weak interphase boundaries. 
Secondary fractures adjacent to the separating surfaces are evi- 
dent, reflecting the action of considerable frictional tractions 
during grain pullout.? 
(2) Indentation-Strength and Toughness Curves 

Figure 3 shows the indentation-strength oF( P ) ,  response of 
the heterogeneous S ic ,  along with comparative data for the 
homogeneous fine-grain control material. In the heterogeneous 

material, the radial crack patterns were well formed at all inden- 
tation loads. In the homogeneous material; however. the pat- 
terns showed severe chipping at loads P > 30 N, from lateral 
cracks. Such chipping has been shown to lead to artificially high 
strength values, by relieving the residual stress field around 
the Vickers indentatiomZ6 With this allowance, the remainder 
of the homogeneous S i c  data follow a classical uF P-'I' 
response (dashed line) for materials with single-valued tough- 
ness." Relative to this baseline, we see that the heterogeneous 
material (solid curve) exhibits pronounced flaw tolerance, with 
strongly enhanced long-crack strength. At low loads, the curve 
for the heterogeneous material appears on the verge of crossing 
the homogeneous data line, suggesting degraded short-crack 
strength properties. Such a crossover is consistent with the 
reduced laboratory strength for the heterogeneous material in 
Fig. 3. 

Toughness curves T(c)  may be deconvoluted directly from 
the data in Fig. 3 in accordance with an indentation-strength 
K-field analysis.2"z' Under the action of an applied stress uA, 
radial cracks of size c produced at indentation load P extend 
according to the equilibrium condition 

KL(c) = +oAc"* + xP/c3" = T(c)  (1) 

where KL(c) is a "global" applied stress-intensity factor, and $ 

Fig. 1. SEM views of cracks in (A) homogeneous control and 
(B) heterogeneous test Sic. Note relatively straight, transgranular 
path in (A), and bridged, intergranular path in (B). (After Ref. 1 .) 

Fig. 2. 
heterogeneous Sic. Note secondary microfractures at pullout grains. 

SEM views of crack-wake bridging by elongate Sic grains in 
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Fig. 3. Indentation-strength data for heterogeneous test and homoge- 
neous control Sic. For heterogeneous material, each point with stan- 
dard deviation bar represents average of breaks from three to five 
specimens. Boxes at left axis are “laboratory” strengths, representing 
breaks from unindented specimens. 

and x are crack-geometry and residual-contact coefficients. For 
a given load P,  failure occurs at that applied stress u,, = u, 
which satisfies the “tangency condition” 

dKi(c)ldc = dT(c)/dc. (2) 

Accordingly, given an appropriate calibration of the coeffi- 
cients + and x, we may generate families of KA(c) curves from 
the a , ( P )  data sets in Fig. 3. Toughness curves T(c) may then 
be objectively determined as envelopes to these families of 
curves.22 

Such constructions are made in Figs. 4(A) and (B) for the 
homogeneous and heterogeneous SIC ceramics, respectively, 
as follows:22 

For the homogeneous control material, satisfaction of 
the condition uF 0~ P in Fig. 3 implies a single-valued tough- 
ness, T(c)  = 7;, = constant. A previous study on alumina2’ 
makes use of this condition in a fine-grain control to calibrate + 
and x in Eq. (1). Assuming the Vickers crack geometry to be 
material-independent, we may retain + = 0.77 from that previ- 
ous study.” Allowing for a dependence in the residual contact 
field on the modulus-to-hardness ratio (E/H)”’ = (410 G P d  
24.8 CPa)”’ = 16.5;” we obtain x = 0.067 for Sic-based 
ceramics from that same previous study. The best-fit line 
through the control data set in Fig. 3 corresponds to the solution 
of Eqs. (1) and (2) at T(c) = To = 2.1 MPam’”. A family of 
Ki(c) curves can now be generated from the control indenta- 
tion-strength data (Fig. 4(A)), inserting u, = uF at each value 
of P in Eq. (1). We see that the envelope of tangency points is 

(i) 

approximately horizontal in this case, validating the calibration 
and confirming a single-valued toughness for this material. 

For the heterogeneous test material, we use the same 
values of + and x, ,’ .~ and generate another family of KL(c) 
curves from the indentation-strength data in Fig. 4(B). The 
envelope of tangency points now yields a rising T(c)  curve. In 
the long-crack region (c > > I00 Fm), the toughness increases 
relative to the control value, by a factor of about three. It might 
be presumed, by data extrapolation, that the toughness similarly 
decreases in the short-crack region (c << 100 pm).’* How- 
ever, rather than relying on such an extrapolation here, we dem- 
onstrate the short-crack degradation with the following 
Hertzian contact results. 

(3) 
Hertzian contact tests were conducted on both the homoge- 

neous control and heterogeneous test S i c  materials. Figure 5 
shows half-surface and section views of the ensuing contact 
damage, at sphere radius I’ = 3.18 mm and load P = 2000 N. In 
the homogeneous control S i c  (Fig. 5(A)), we observe the famil- 
iar cone crack pattern outside the contact circle.3’ The crack 
path is transgranular and uninterrupted (cf. Fig. l(A)). On the 
other hand, in the heterogeneous S i c  (Fig. 5(B)), we observe a 
subsurface zone of distributed damage beneath the contact cir- 
cle, strikingly reminiscent of the plastic zones that typify con- 
tacts in Figure 6, a higher magnification view of this 
latter damage zone, reveals a network of facet-length debond- 
ing failures along the weak interphase boundaries. 

Figure 7 plots indentation stress-strain curves for the two 
S i c  foims. The dashed line represents the Hertzian relation for 
perfectly elastic conta~ts ’~~’~  on the homogeneous control: 

(ii) 

Hertzian Contact and Subsurface Deformation 

p” = (3E/4nk)(a/r-) ( 3 )  
with E = 410 GPa Young’s modulus (Sic) and k = 0.90 (tung- 
sten carbide on Sic). The curve for the homogeneous S i c  lies 
close to the elastic ideal over the data range, notwithstanding 
the incidence of cone fracture and possible inelastic deforma- 
tion of the tungsten carbide ~phere.’~ By contrast, the curve for 
the heterogeneous S i c  deviates markedly from the dashed line 
ideal above a critical pressure po = 5 GPa, indicating the onset 
of “yield.” This latter critical pressure corresponds to that at 
which subsurface damage of the kind shown in Fig. 5(B) first 
becomes detectable. 

‘Whercas, for thc homogeneous control, we have E/H = 16.5, for the 
heterogeneous teyt material with YAG second phase we have E/H = 17.2.‘ Thi5 
corresponds to a difference of 1 2 %  in (EIH)”’, which is considered insignificantly 
small in relation to the constructions of Fig. 4. 

Homogeneous 

10 40 100 400 1000 4000 
Crack Size, c (pm) 

1 
10 40 100 400 1000 4000 

Crack Size, c (pm) 

Fig. 4. 
using strength data from Fig. 3. Shaded bands are T-curves, plotted as locus of tangency points to KL(c j curves. 

Toughness-curve diagrams for (A) homogeneous control and (Bj  heterogeneous test Sic. Family of solid curves are plots of K i ( c )  in Eq. (1). 



October 1994 Toughness Properties of a Silicon Carbide with an in Situ-Induced Hetero,qeneous Grain Structure 252 I 

Fig. 5. Half-surface (upper) and section (lower) views of Hertzian contact damage in Sic, using tungsten carbide sphere of radius r = 3. I8 mm at 
load P = 2000 N: (A) homogeneous fine-grain form, showing cone crack (pressure p,, = 7.44 GPa); (B) heterogeneous coarse-grain form, showing 
distributed subsurface damage (pressurep, = 7.20 GPa). Optical Nomarski interference illumination. 

IV. Discussion 

We have demonstrated in our study on S i c  that one can 
induce significant changes in the toughness response of ceram- 
ics by suitably enhancing the microstructural heterogeneity. 
Micrographically, our tailored heterogeneous S i c  material 
shows an enhanced fracture resistance from crack-wake bridg- 
ing at elongated grains (Fig. 2); at the same time, the material 
becomes highly susceptible to local debonding failures at 
interphase boundaries (Fig. 6). The controlling microstructural 
factors in this context are grain coarsening and elongation, 
weakening of grain and interphase boundaries, and introduction 
of high internal residual 

These observations are quantitatively validated by the inden- 
tation-strength data (Fig. 3 ) .  The heterogeneous material exhib- 
its significant flaw tolerance, relative to the classical u, P ‘I3 

data set for the homogeneous control material. This tolerance 
corresponds to a significantly rising toughness curve T ( c )  
(Fig. 4(B)), relative to the estimated single-valued toughness 
T = T, = 2.1 MPam’” for the control (Fig. 4(A)). Note that 
whereas T(c) rises above T = 7;) at c > 100 k m  (“shielding” 
region), it extrapolates below T = ?;, at c < 100 pm (“anti- 
shielding” region), suggesting a degradation of toughness at the 
microstructural level.” Again, the modifications to the SIC 
microstructure involve a trade-off between long-crack and 

Previous studies on alumina ceramics demonstrate that trade- 
offs of this kind have profound implications concerning 
microstructural design. On the one hand, increased long-crack 
toughness improves flaw tolerance and thereby makes ceramic 
components less susceptible to strength loss from spurious 
damage during service.’6 On the other, decreased short-crack 
toughness diminishes resistance to abrasive wear” and contact 
f a t i g ~ e . ’ ~  An extended study on our S i c  material is currently 
under way to quantify the contact fatigue.”” At the same time, 
the diminished short-crack properties have some potential ben- 
efits, by imparting a certain quasi ductility to the intrinsic 
mechanical response.j9 Such “ductility” is evident as the bend- 

0 0.05 0.10 0.15 0.20 0.25 over in the indentation stress-strain curve for the heterogeneous 
S i c  in Fig. 7 and is attributable to the shear-fault-driven inter- 
face debonding damage zone that evolves in the contact subsur- 
face in place of the well-defined, tensile-driven crack that 
typifies the traditional homogeneous brittle SO~id.z4.~s this 
way, the load-bearing and energy-absorbing capacities of brittle 

Fig. 6. 
debonding failures at weak interfaces. 

SEM view of deformed area in section view of Fig. 5(B). Note 

16 short-crack properties. - 14 
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Fig. 7. Hertzian indentation stress-strain curves for Sic ceramics, in 
homogeneous and heterogeneous forms. Data taken with tungsten car- 
bide spheres in the radius range r = 1.58 to 12.7 mm. Dashed line is 
Hertzian prediction Eq. (3) for elastic contact. 
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ceramics may be substantially enhanced by appropriate micro- 
structural design. 
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