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Abstract

A comparative study of fracture toughness evaluation at room temperature of three different structural ceramics viz. sintered
alumina, silicon carbide and silicon nitride is reported. Four methods of fracture toughness evaluation such as the single edge
notched beam (SENB) technique, chevron notched beam (CNB) technique, indentation fracture (IF) technique and fractographic
methods (FM) were compared. In addition, for a given method, the influence of several experimental parameters, e.g. blade width,
notch tip radius, normalised notch length and the loading rate on the measured value of fracture toughness was investigated in the
cases of the aforesaid materials. © 1999 Elsevier Science Limited and Techna S.r.1. All rights reserved

1. Introduction

A unique, unambiguous, universally acceptable
method to evaluate fracture toughness (Kj.) of struc-
tural ceramics is yet to emerge. This has led various
researchers to adopt different methods to evaluate frac-
ture toughness of materials. For instance, Chen and
Ardell [1] have recently proposed a miniaturised disk
bend test (MDBT) for evaluation of K. in the cases
where small amount of material is available. Their data
on silicon carbide and nitride ceramics as well as other
materials were found to be comparable to data eval-
uated by other conventional methods. Haubensk [2] has
recently advocated a new method namely, measurement
of crack opening displacement (COD) to measure frac-
ture toughness of porous reaction bonded silicon nitride
ceramics. The indentation fracture method has been
applied to alumina—hydroxyapatite (HAP) particulate
composite, alumina-silicon carbide particulate nano-
composites as well as to high alumina (85%) ceramics
[3-5]. In the case of 6061AI-SiC metal matrix compo-
sites (MMC) however, the conventional single edge
notched beam (SENB) method has been applied under
three point loading [6]. It has been recently shown that
in the case of nickel-alumina composites the K. values
obtained by the chevron notched bar (CNB) technique
from the peak load and the work of fracture considera-
tions are different from each other and both these
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methods predict values higher than the toughness value
at the crack initiation point [7]. Nojima et al. have uti-
lised compact tension (CT) specimens for evaluation of
K. in the cases of alumina as well as soda lime glass
materials recently [8]. In the case of polymeric compo-
sites e.g. 52 vol% E-glass fibers in a M-10 epoxy matrix,
both double cantilever beam (DCB) and edge loaded
split beam (ELS) techniques have been utilised to eval-
uate delamination fracture toughness [9]. Rice has
recently shown very explicitly the complex nature and
degree of dependence of fracture toughness on such
important microstructural parameters as grain size and
porosity of several important ceramics including alu-
mina [10]. This particular work highlights the need to
develop better understanding about the micromechanics
of fracture initiation in the perspective of inhomogeni-
ety normally encountered in the microstructure of com-
mon structural ceramics. Clearly one can find a large
variety of materials—methodologies combination, as far
as the problem of fracture toughness evaluation is con-
cerned. More often than not, the methods adapted from
the techniques already in practice for the metallic mate-
rials, have led to controversial results in the case of
structural ceramics [11,12]. There is ample evidence in
literature that the evaluated value of K. 1is sensitive to
the method of measurement as well as to the experi-
mental parameters of a given method [13-16]. Such
issues assume even greater significance than before
because of the presence of a rising crack growth resis-
tance curve (R-curve) behaviour in a variety of structural
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ceramics [1,8,10]. The purpose of the present work was
(1) to compare four methods of K. evaluation, e.g. single
edge notched beam (SENB) technique, chevron notched
beam (CNB) technique, indentation fracture (IF) tech-
nique and fractographic method (FM); and (ii) to study
for a given method, the influence of experimental para-
meters viz. blade width (B ~ 0.05-0.30 mm), notch tip
radius (p ~ 100-300 pum), normalised notch length (a/W
~ 0.1-0.6) and the loading rate (0.015-0.150 MPas™!)
on the measured value of K,.. The materials chosen were
sintered alumina, silicon carbide and silicon nitride.

2. Materials and methods

The alumina samples (A,D1,E,F) were obtained as
sintered products from commercial vendors (M/s
Wade, UK). The sintered silicon carbide (SiC) was also
commercially obtained (M/s Grindwell Norton India
Pvt. Ltd.). The sintered silicon nitride (SSN) samples
were prepared in the laboratory [17]. The chemical ana-
lysis data of various sintered alumina ceramics are given
in Table 1. The nominal compositional details of the
SSN ceramics are given in Table 2. The silicon nitride
powder utilised in fabrication of SSN was synthesised in
the laboratory [17]. Phase purity of the alumina and
silicon carbide ceramics was checked by conventional
X-ray diffraction (XRD) technique (Fig. 1). The
microstructural data of the various structural ceramics
investigated in the present work, are given in Table 3.
The grain size was estimated from polished and ther-
mally etched sections using a image analyser which had
a precision of beterr than + 0.01 pm. Density was esti-
mated by Archimedes’ principle. Volume percent of
open porosity was estimated from the measured density
value. The theoretical density values were taken from
literature for the alumina and silicon carbide ceramics.
In the case of SSN ceramics it was calculated taking into
consideration the various sintering additives utilised in
their preparation. Typical microstructures of the alu-
mina and SSN ceramics are shown in Fig. 2. Attempts
to obtain good quality micrograph for the porous SiC
ceramic were not quite successful.

The rectangular, tensile surface polished (center line
average ~ 1 um) specimens (45 x 4.5 x 3.5 mm), used
for evaluation of K. by the SENB and CNB techniques
were all tested in a universal testing machine (Instron,
1185) at room temperature under ambient laboratory
conditions with four point loading configuration using a
jig made out of sintered silicon carbide [17]. All K.
(SENB) data were obtained following ASTM specifica-
tions and formulations [18]. K;. (CNB) data were
obtained following the work of Munz and co-workers
[19,20], with a relative notch depth («g) of 0.2 and o7 ~ 1
and corrected for deviation of the chevron notch from
the mid-thickness plane, as per ASTM recommendations

[21]. The evaluation of K. by indentation technique was
done following the work of Anstis et al. [22] and inde-
pendent experimental determination of hardness and
Young’s moduli data for all the present materials
[23,24]. Measurement of K;. data by the intrinsic flaw
fractographic method (FM) involved identification and
direct estimation of the critical flaw sizes from the frac-
tured surfaces of test pieces broken in four point load-
ing during strength tests conducted at room
temperature as well as at elevated temperatures
[17,25,26]. All reported data points are an average of at
least four—six experiments. Wherever possible, error
bars have been used in the data presentation to signify
typical scatter in the data. Typical mechanical proper-
ties of some of the present materials are given in Table 4.

3. Results and discussions

The chemical analysis data show that there was sig-
nificant difference in the silica contents of alumina
samples A, E and F (Table 1). The SSN samples Al, B,
Cl, C2 and C3 were all synthesised from the Y,O;—
AIN-SiO, system with varying amounts of sintering
liquid and nitrogen concentration (Table 2). Similarly,
the SSN samples D, D2, D3 and D4 were synthesised
from the MgO—AIN-SiO, system with varying amounts
of sintering liquid and nitrogen concentration. How-
ever, the SSN sample E1 was synthesised from the con-
ventional MgO-SiO, system (Table 2). The alumina
sample E had alpha alumina as the major phase
[Fig. 3(a)]. The XRD patterns of the alumina samples
A, D and F [not shown in Fig. 3(a)] were similar to
those of E. However, there was some unconverted Si in
the SiC sample [Fig. 3(b)]. The major phase in all the
SSN samples were beta silicon nitride [17]. The micro-
structural data of Table 3 indicate that the alumina
sample A had a equiaxed microstructure (aspect ratio,
1.08) but the alumina samples D, E and F had somewhat
elongated grain structure (aspect ratio &1.5-2) [Fig. 2(a)—
(d)]. The microstructure of the SSN samples consisted
of the rod shaped grains of beta silicon nitride with
large aspect ratio (& 2-6) [Fig. 2(e) and (f)].

Table 1

Chemical analysis data of alumina ceramics

Samples Alumina A Alumina E Alumina F
Materials (wt%)

Al,O4 96.0 95.5 98.5
SiO, 3.0 0.60 0.36
Fe,O3 trace 0.08 0.02
TiO, trace trace trace
CaO trace 0.71 0.11
MgO 0.50 0.50 0.30
K,O trace 1.50 0.15
Na,O trace 1.05 0.33
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Table 2
Composition of SSN ceramics

Mol% sintering aid in the powder batch

The composition of sintering liquid in batch

Sample Y,04 AIN MgO SiO, (Wt%)® N, (atom%)®
Al 10.0 45.0 - 45.0 11.9 18.60
B 7.7 43.6 — 48.6 12.3 16.10
Cl 7.7 43.6 - 48.6 12.3 16.10
C2 7.7 43.6 — 48.6 12.3 16.10
C3 7.7 43.6 - 48.6 12.3 16.10
D - 32.6 304 37.0 20.7 16.00
D2 - 40.0 10.0 50.0 23.1 13.80
D3 - 32.6 304 37.0 20.7 16.00
D4 - 40.0 10.0 50.0 23.1 13.80
D5 - 40.0 10.0 50.0 23.1 13.80
El - - 66.7 333 9.00 —

@ Not present in the powder batch as an individual component.
b Approximate amount in the powder batch.

B, Cl1, C2, similar composition, different sintering schedule; C3, produced by post sintering heat treatment of SSN B; D, D3, similar composition;
D3, produced by post sintering heat treatment of SSN D; D2, D5, similar composition, different sintering schedule; D4, produced by post sintering

heat treatment of SSN D2 [17].
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Fig. 1. Typical X-ray diffraction patterns of (a) alumina E (O, o alu-
mina) and (b) SiC ceramics (O, SiC, A, Si, V, SiO, ).

The data on comparison of K;. values measured by
SENB and CNB techniques are shown for Alumina
(E,F) and SiC samples in Fig. 3, as a function of blade
width (B). For a given material and blade width, K.
(CNB) was always greater than K. (SENB) for a fixed
loading rate of 0.015 MPas~!. For alumina, similar
trend has been reported [27]. However, the present
observations for SiC, differ from those of others [19]. A
chevron notch is more sharp ended compared to the flat
ended notch of a SENB specimen. So, the extent of
stable crack extension in a SENB specimen is lesser than
that in a CNB specimen. Hence K;. (CNB) is expected
to be greater than K. (SENB), as observed in the pre-
sent work. Higher K. (SENB) value of alumina F than
alumina E is possibly linked to higher grain size and
lower porosity (Fig. 3) as well as higher flexural strength
(Fig. 4) of alumina F than those of the alumina E [10].
The SiC samples show the lowest K. values for a given
method (SENB/CNB) and blade width. This may be
due to high porosity in the SiC material (Table 3).

The data on comparison of K. values measured by
the SENB, IF and FM techniques are shown for the
SSN materials in Fig. 4. All materials taken together,
K. (SENB) is about 1.7 times higher than K. (IF)
[Fig. 4(a)]. Thus, K. (SENB) is always higher than K
(IF). Similar trend has been reported for alumina [28].
Lower value of K;. (IF) could be linked to the presence
of residual stress field around indentations in SSN [22].
The data of Fig. 4(b) show that in at least 80% cases,
K. (FM) is within 25% of the experimentally measured
K. (SENB) data for SSN samples tested up to moder-
ately high temperature [17]. The slight discrepancy
observed between K. (FM) and K;. (SENB) data in the
remaining 20% of the total number of cases investigated
in the present work could be ascribed to a combination
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Table 3
Microstructural data of alumina, SiC and SSN ceramics

Material Grain length Grain width ~ Density Vol% open
(LY (m) (B (um) (D)P (gmec!) porosity (P)°
Alumina A 2.93(0.04)¢ 2.71(0.50)¢ 2.82 28.6
Alumina D1 13.60(1.50)  7.18(0.84) 3.39 14.2
Alumina E  13.04(2.35)  8.89(1.81) 3.31 16.2
Alumina F 17.89(2.15) 11.21(1.46) 3.32 159
SiC 4.62(0.91)  2.85(0.59) 2.25 18.7
SSN Al 3.97(0.08)  1.15(0.03) 3.09 3.4
SSN B 2.05(0.04)  0.77(0.02) 3.03 5.3
SSN C1 n.d n.d 3.03 5.3
SSN C2 2.66(0.05)  0.45(0.03) 3.00 6.2
SSN C3 n.d n.d 2.84 11.2
SSN D 2.33(0.09)  0.69(0.02) 3.07 4.1
SSN D2 1.68(0.05)  0.73(0.01) 3.01 5.9
SSN D3 1.55(0.66)  0.45(0.03) 3.01 5.9
SSN D4 n.d n.d 3.12 2.5
SSN D5 n.d n.d 3.14 1.9
SSN E1 1.80(0.06)  0.58(0.01) 3.03 5.3

4 Measured by the linear intercept method from SEM photographs
of polished and etched sections using a image analyser with a precison
of better than + 0.01 um.

® Measured by water immersion technique following Archimedes
principle.

¢ P=[{1-(d/dy)}]*x 100, dy, = theoretical density.

d Data in parentheses represent + 1 standard deviation.

n.d, not determined.

NG T

Fig. 2. Typical microstructures of (a) alumina A, fracture surface
(scale bar = 5 um), (b) alumina D1, fracture surface (scale bar = 20
um), (c) alumina E, fracture surface (scale bar = 10 pm), (d) alumina
F, fracture surface (scale bar = 10 um), (¢) SSN Al, polished and
thermally etched surface (scale bar = 10 pm), and (f) SSN D,
polished and thermally etched surface (scale bar = 10 pm).

Table 4
Mechanical properties at room temperature of alumina, SiC and SSN
ceramics

Sample Fracture toughness Young’s modulus Flexural strength
(K, /MPa m!/?) (E°/GPa) (0°/MPa)
Alumina A 2.50 211 195
Alumina E 2.70 244 216
Alumina F 3.22 315 259
SiC 2.51 202 210
SSN Al 7.15 294 502
SSN B 6.01 216 324
SSN D 6.38 237 511
SSN D2 5.48 228 330

4 SENB technique (4 pt. bend, 40/20, bending arm, 10 mm).

® Measured from linear part of load deflection plot using elastic
beam theory.

¢ Measured by 4 pt. bend tests (40/20, bending arm, 10 mm), for
both K. (SENB) and o (4 pt. bend): loading rate 0.015 MPas~! and
cross head speed 50 pms—'.
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Fig. 3. Comparison of fracture toughness (K;.) data obtained by CNB
and SENB techniques applied to alumina and SiC samples at different
constant blade widths and a given loading rate.

of several factors: (a) under estimation or over estimation
of the measured flaw size as a result of irregularly shaped
flaw profile of the observed flaw with the semi-elliptical
flaw profile, (b) not taking into consideration the possibi-
lity of flaw linking, (¢) improper identification of the
critical flaw and (d) presence of residual stress
[23,29,30].
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Fig. 4. Comparison of Kj. evaluation techniques in the case of SSN samples: (a) SENB vs indentation fracture (IF) method and (b) SENB vs

fractographic method (FM).

The data on variation of K;. (SENB) with the width
(B) of the blade used for sawing notches are shown for
the aluminas A and F in Fig. 5 as a function of loading
rates (0.015-0.150 MPas~!). At any given loading rate,
K. (SENB) of a given alumina sample increases with
the blade width. However, for the fine grained alumina,
the increasing trend of K;. (SENB) with the blade width
somewhat levels off at widths greater than 0.1 mm
[Fig. 5(a)]. This trend agrees with that reported by Pabst
[31].

Fig. 6 shows the data on influence of loading rate on
K. (SENB) of alumina samples (A,F) with the notches

sawn by blades of various widths (0.05-0.30 mm). For a
given blade width in a given alumina sample, K.
(SENB) increases with increase in the loading rate.
Similar trend has been reported for alumina by Buresch
also [32]. However, the effect is more pronounced in the
coarse grained alumina [Fig. 6(b)], than in the fine
grained alumina [Fig. 6(a)]; as would be expected also
from the considerations of R-curve behaviour [1,4,7,10].
At faster loading rate, the flaw may not get enough time
to grow subcritically. This should limit the critical flaw
to a smaller size. The reduction in the critical flaw size
may be reflected as an apparent increase in flexural
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Fig. 5. Variation of K. (SENB) for alumina ceramics with blade
widths (0.05-0.30 mm): (a) alumina A, and (b) alumina F; at different
constant loading rates: 0.015 MPas~! (Q), 0.03 MPas~!' ([0J), 0.06
MPas~! (A) and 0.150 MPas~! (V).

strength. This apparent increase in flexural strength
could be again manifested in the apparent enhancement
of K. with the loading rate, as is observed in the pre-
sent work.

The data on variation of K. (SENB) with notch tip
radius and normalised notch length are shown in Fig. 7
and Fig. 8 respectively, for alumina (A,D1,E,F) and SiC
samples. Similar data for SSN samples (B,D) are shown
in Fig. 9. K;. (SENB) data of alumina, SiC (Fig. 7) and
SSN [Fig. 9(a)], increase with notch tip radius or its
square root. Pabst reported similar observations for
alumina [31]. Higher tip radius occurs when a thicker
blade is used to saw a notch. Now, a thicker blade is
likely to cause more friction in the work piece than that
caused by the thinner blade. This higher amount of
friction may cause secondary crack formation ahead of
the main notch tip. Under the externally applied stress,
such secondary cracks are likely to grow along with
main crack. As a result, crack branching can take place.
The more the crack branching, higher would be the
amount of additional energy dissipation. This should
then be reflected in a higher rise in the K. value at larger

(b) ALUMINA-F
—_—
X
5.0
/ 7X
Jay
o o
4.0F
§ A
€ o
S /D/O/
= U o
~ o
z ! L 1
Z 30
0 -
‘:) 4.0 (a) ALUMINA A
> v———’/’
X/.X/A/D
o—o— ¢
/o
3.0+ /o
/o
o
0.0 | L 1
0.00 0.05 010 0.15

LOADING RATE, 0 (MPa.s™)

Fig. 6. Variation of K. (SENB) for alumina ceramics (a) alumina A,
(b) alumina F; with loading rates in the range 0.015-0.150 MPas~! at
different constant blade widths: 0.05 mm (Q), 0.10 mm ([J), 0.20 mm
(A) and 0.30 mm (V).
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Fig. 7. Relationship between K. (SENB) and square root of notch tip
radius in alumina and SiC ceramics.

notch tip radius, as is observed in the present work
[Figs. 7 and 9(a)]. Extrapolated to zero notch tip radius,
the present K;. (SENB) data of alumina (E,F), SiC and
SSN (B) samples compare favourably with the literature
data where the K. values have been obtained on atom-
ically sharp cracks [1,4,5,10,24].
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Fig. 9. Relationship between K. (SENB) and (a) notch tip radius and
(b) normalised notch length (a/W), in SSN ceramics.

For a given constant width of blade, both alumina
(A,DI1,E,F) and SiC samples register a nominal increase
in K;. (SENB) with the normalised notch length (a/W ~
0.1-0.6) [Fig. 8]. However, for SSN there is no appre-
ciable effect of a/W on K;. (SENB), Fig. 9(b).
Enhancement of K;. (SENB) with the normalised notch
length is believed to be linked to enhanced frictional
interlocking of grains and adhesive forces at the crack

surface [28,31,33]. If this is the case, then, increase in the
normalised notch length will have a more profound
effect on K;. (SENB) of the coarse grained alumina
(sample F) than that of the fine grained alumina (sample
A). The observations of the present work [Fig. 8], match
with this scenario.

4. Conclusions

The major conclusions of the present work are: (a)
for alumina and SiC, K;. (CNB) is always greater than
K. (SENB) for a given blade width and a constant
loading rate (0.015 M Pas~!) (b) for sintered silicon
nitride (SSN) ceramics, K;. (SENB) is about 1.7 times
higher than K;. (IF) (¢) for SSN ceramics, K;. (FM)
compares favourably with K. (SENB) in at least 80% of
the cases investigated and (d) K;. (SENB) of both alumina
and SiC ceramics register an apparent increase with the
normalised notch length, blade width, notch tip radius as
well as the loading rate. Such effects are more pronounced
in the coarse grained alumina than in the fine grained
alumina. K. (SENB) data of SSN increase with the notch
tip radius but remains insensitive to the variations in the
normalised notch length in the range 0.3-0.6.
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