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bstract

he fracture resistance of single-phase oxide and nonoxide ceramics was studied in flaking the specimen edge with a Rockwell indenter (EF test
ethod) and in bar flexure (SEVNB method). The fracture resistance FR and fracture toughness KIc are shown to be proportional, the plot with the

R–KIc coordinates is termed the EF base diagram, in which the EF baseline is constructed. It was revealed that the fracture resistance of ceramics

as not influenced by chip scar shapes on the specimen edge. The data points for inelastic ceramics with a lower EF barrier to the onset of fracture

ay below the EF baseline in the base diagram, while the data points for glasses and ceramics with a higher barrier were located above it.
The EF test method is appropriate for comparative evaluation of fracture resistance of ceramics and verification of estimates obtained by other
ethods.
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. Introduction

The fracture behaviour of brittle materials is usually evalu-
ted by conventional methods based on flexure of rectangular
ars with a stress concentrator and/or impression of a Vickers
ndenter into the polished specimen surface. For these methods,
he critical stress intensity factor KIc (fracture toughness1) serves
s the fracture criterion. However, quite reliable information on
he ability of brittle materials to resist fracture cannot always be
btained, e.g.,2,3 which exerts negative influence on correct frac-
ure resistance estimates. Therefore, a method based on flaking
he specimen edge with a Rockwell indenter4 deserves further
xamination. This method is somewhat similar to that used by
ur remote ancestors in choosing stones for arms and tools.5 It is
ot based on any concepts of the ideally brittle material of linear
racture mechanics1 or on the model of a crack shape originated
n the specimen on indentation.6 These models are often greatly

implified as compared to the true material properties.

One of the versions of this method7 known as the edge frac-
ure (EF) test method8,9,a provides fracture resistance estimates

∗ Corresponding author. Tel.: +380 44 285 44 64; fax: +380 44 286 16 84.
E-mail address: ggogotsi@ipp.kiev.ua (G.A. Gogotsi).

a It was compared with other versions in Ref. 10.
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or conventional elastic ceramics that are proportional to those
btained by the SEVNB method. This relation is known as the
aseline.9 However, the EF fracture behaviour of such ceramics
as not been studied extensively enough, though these materi-
ls are widely used for different purposes. This situation can
ast doubt on the reliability of such a fundamental relation as
he baseline, while its practical application opens the way for
aining new information on the behaviour of different brittle
aterials in fracture. To confirm the above, additional investi-

ations were performed. Their results are outlined in the present
ommunication.

. Materials and methods

.1. Ceramics

Linear elastic single-phase isotropic ceramics almost consis-
ent with the concept of the ideally brittle material of linear
racture mechanics1 were chosen for the investigation. Sin-
ered scandia and yttria (S and Y) from the Eastern Institute
f Refractories (Russia),11 Duralbit-90 alumina A-1 (1987)

nd A-2 (2005) from Industrie Bitossi S.p.A. (Italy), summa-
ized in Table 1, were used for testing. The structure of these
eramics is shown in micrographs (Fig. 1). Hot-pressed silicon
itride HP Si3N4

9 specimens and silicon nitride SN speci-
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Table 1
Characteristics of examined materials.

Ceramics Density (g/cm3) Elastic modulus E (GPa) Strength (MPa) Fracture toughness KIc (MPa m1/2) Fracture resistance FR (N/mm)

All results L = 100–400 �m

S 3.79 218 110 1.49 ± 0.04 150 ± 34 (134) 145 ± 31 (118)
Y 4.90 193 75 3.14 ± 0.06 336 ± 65 (105) 329 ± 63 (95)
A-1 3.49 232 269 2.93 ± 0.08 267 ± 42 (113) 272 ± 37 (95)
A-2 3.57 266 329 3.01 ± 0.09 300 ± 56 (140) 290 ± 49 (122)
SN 3.13 269 396 4.10 ± 0.06 409 ± 68 (96) 407 ± 64 (87)
HPSN 3.30 – – 4.16 ± 0.16 417 ± 36 (81) 418 ± 37 (79)
A-999 3.86 398 473 3.90 ± 0.16 362 ± 72 (93) 353 ± 57 (73)
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Fig. 1. Micrographs of fractured surfaces on S (a), Y

ens, cut out from the cover of the diesel engine cylinder from
oyomenka Kaisha, Ltd. (Japan), were also employed in the
xperiments. Alumina ceramics A-999,12,13 having the struc-
ure similar to that shown in Fig. 1d, were used as a reference

aterial.b

As is known, all the above materials are prone to catastrophic
racture after the onset of crack propagation. Since their mechan-
cal behaviour was studied earlier, any unexpected phenomena
uring experiments were not observed.

.2. Procedures

The fracture toughness of ceramics was evaluated by the
ingle-edge V-notch beam (SEVNB) method in three-point
exure (20-mm span) of specimens with a 3 mm × 4 mm cross-
ection12 (differs from the standard procedure13 only in a smaller
pan size). For this purpose a CeramTest device (Gobor Ltd.,
kraine) mounted on a universal test machine was used. Its

ross-head speed was 0.5 mm/min. The device is equipped with
rigid dynamometer located under the test specimen. It features

wo steel membranes that ensure precision displacement of the
oading rod, as well as a facility on the lower loading support
or perpendicular arrangement of the specimen axis relative to
he axes of loading rollers.15

A V-notch was prepared with a special machine. In the spec-

mens, a 200-�m prenotch was cut out with a diamond saw,
hen a V-notch was polished out with a razor blade distribut-
ng a 1–2-�m diamond paste. Its radius did not usually exceed
–10 �m. The radius and depth were measured on an Olympus

b This material was tested in Round Robin,14 thus, it can be used by its
articipants to check the reliability of our results.

f
t
F

i
c
i

A-1 (c), and polished surface of A-2 (d) specimens.

1MX binocular microscope using a Quick PHOTO MICRO 2.3
rogram.

Specimen fragments formed in those tests were used for fur-
her experiments to maintain comparability of results.

Edge flaking tests were performed by the edge fracture (EF)
ethod also with a CeramTest device. But instead of the load-

ng support, the X–Y table with the system of specimen clamping
as installed, in its loading rod, indenters were fixed (earlier this

echnique was employed in studying the fracture behaviour of
irconia crystals16). Test specimens were glued to photographic
lasses clamped on the X–Y table. The indentation point near
he specimen edge was chosen with a magnifying glass, after
hat it was flaked. The flaking was effected with a Rockwell
-Scale standard conical diamond indenter (Gilmore Diamond
ools, Inc., USA). This operation was multiple-repeated for
ll the specimens (Fig. 2a). The fracture distance L from the
xtreme point on the chip scar to its edge was measured by
n Olympus 51MX microscope (Fig. 2b). These experimental
alues served for evaluating the fracture resistance of ceram-
cs.

Such a procedure of measuring the fracture distance is a spe-
ific feature of the EF test method, making it different from other
imilar techniques,10,17 in which the loading point is chosen with
microscope, thus, the fracture distance is measured from the

ontact point of the indenter with the specimen to its edge. Frac-
ure loads Pf, which were registered by PC, and corresponding
racture distances L were used to construct Pf–L relations (frac-
ure diagrams). The Pf/L ratio was termed the fracture resistance
R.
Since this investigation was aimed at gaining exhaustive
nformation on the fracture behaviour of ceramics, the EF pro-
edure became the basic test method. For these experiments
ndenters were made to special order, providing precise round-
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Fig. 2. Tested SN specimens (a) and fracture zone on an SN specimen with a chip, not separated from its edge (b).
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mechanical laboratory where it is quite difficult to maintain a
high technical level of test requirements.
Fig. 3. Chip scars on the side surface of A-999 specimen

ng of its tip (200 �m). This characteristic was not practically
ontrolled during our first experiments.9

Sharp edges of specimens with a lower fracture resistance
ere formed by their “package grinding” that turned out to
e rather effective for glass specimen preparing.18 In this case
ne specimen side is first polished, then specimens are glued
long these sides into a package, after that its top surfaces are
round and polished. Thus, a high sharpness of the edge was
btained and possible chipping defects on the specimen edges
ere excluded.

. Results and discussion

The results obtained in this study have contributed to bet-
er understanding of the local fracture behaviour of examined
eramics.

Strength and elastic moduli data (test method is described in
ef. 19) as well as fracture toughness values together with EF

est results of examined ceramics are summarized in Table 1.
icrographs of the fracture surfaces of ceramics became the

ource of additional information (Fig. 1).
First test results for fractured specimens revealed that chip

cars on their side surfaces acquired different shapes. They were
ymmetrical and of other shapes (Figs. 2a and 3a–c), even par-
ially overlapping each other (Fig. 3d), and several chips were

ot separated from specimen edges (Fig. 2b). Such fracture
ehaviour is most often observed at small fracture distances L
for S, Y, and SN ceramics, their number was 38, 27, and 9,
espectively, for the rest of ceramics that phenomenon was not
metrical (a), asymmetric (b and c), and overlapping (d).

bserved). However, fracture diagrams (Fig. 4) demonstrated
hat all experimental data irrespective of chip scar shapes were
ocated along the straight line, i.e., fracture resistance estimates
re not influenced by chip scar shapes. In examined cases the
racture resistance of ceramics was probably controlled by their
bility to withstand the onset of avalanche-like crack propaga-
ion. The direction of their propagation can vary because of small
naccuracies in perpendicularity of indenter movement relative
o the specimen surface, occasional defects on their surfaces,
ocal structural nonuniformities, etc.

The experimental data were plotted in the FR–KIc diagram
EF base diagram9,c) and approximated by the straight EF base-
ine (Fig. 5). As is seen in this figure, the data points for examined
eramics were located close enough to the above line.8,9 The
omparison of this line with that presented in Ref. 9 shows that
hey are little different, though the latter was constructed by
xperimental results without account of the indenter tip radius
nd specimen edge sharpness. Thus, FR for S ceramics was
43 ± 27 N/mm and became 150 ± 34 N/mm, for Y ceramics it
as 316 ± 76 N/mm and became 336 ± 55 N/mm, repeated tests
f Si3N4 demonstrated satisfactory repeatability of experimen-
al results (395 ± 30 N/mm and 416 ± 77 N/mmd). The above
onfirms that the EF method can be employed in a conventional
c Earlier the designation EF was not used.
d Data points for these ceramics see in Fig. 5.
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Fig. 4. Fracture diagrams for S, Y, SN, and A-999 ceramics: data points for symmetr

Fig. 5. EF baseline for all experimental results.
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Fig. 6. Edge toughness vs. critical strain energy rele
ical (�), asymmetric (×), overlapping (�), and not separated (�) chip scars.

It might be well to compare the EF baseline with other simi-
ar relationships, which were analyzed, e.g., in Ref. 20–23. For
nstance, the relationship (Fig. 6a) between the edge toughness
ratio of load fracturing the specimen edge with a Rockwell
ndenter to the distance from the specimen edge to its con-
act point with the specimen surface) and critical strain energy
elease rate GIc for different brittle materials (from glasses to
ard metals), shown in Ref. 20,21, is entirely inappropriate for
lasses and ceramics (Fig. 6b).24 Data for sapphire20 are also
onsistent with the same critical strain energy release rate val-
es (Fig. 6), though it is an anisotropic material, and these values
hould be different in different crystallographic directions. Sim-
lar relationships were obtained in the tests with a sharp Vickers
ndenter,22,23 they correspond to the FRV–KIc relation, located in

he EF base diagram at a smaller slope.10 Thus, the above pub-
ications are not associated with our approach to edge flaking
sing a blunt Rockwell indenter and the EF baseline construc-
ion.

ase rate: a - all results, b - A zone results.20,21
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Table 2
Chip scar shapes in the indentation direction.

Ceramics Fracture resistance FR (N/mm)

Group 1 Group 2 Group 3

S 127 ± 30 (16)a 133 ± 22 (14) 149 ± 32 (75) 175 ± 33 (29)
Y 251 ± 43 (8) 282 ± 60 (18) 344 ± 52 (56) 387 ± 42 (23)
A-1 226 ± 45 (19) 235 ± 39 (13) 282 ± 32 (69) 286 ± 27 (12)
A-2 238 ± 29 (29) 266 ± 31 (32) 330 ± 41 (64) 363 ± 19 (15)
HPSN 408 ± 52 (9) 414 ± 43 (14) 420 ± 28 (49) 415 ± 50 (9)
S
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N 327 ± 42 (21) 356 ± 49 (13)
-999 268 ± 57 (13) 283 ± 44 (8)

a Number of chip scars.

Analysis of the fracture diagrams (Fig. 4) shows that
ith longer fracture distances the scatter of experimental data
ecomes somewhat wider, and nonlinearity of the initial range
f the fracture diagram must not be ruled out (Fig. 4a). For
xplaining this phenomenon, an effort was made to examine chip
cars developed in the indentation direction (Table 2). They can
asily be divided into the three groups. The first group is the
hip scars in the form of a circle fraction, formed by the pri-
ary ring crack25 under the indenter (L < 100 �m). The chip

cars of the second group are the primary crack and two sec-
ndary cracks that extend it and come out to the specimen edge.
he chip scars of the third group (L > 350–450 �m) feature the
ppearance of the horizontal portion in the initial section of
he secondary cracks.2,18 Taking into consideration the above,
he fracture diagram was cut off and its range corresponding
o the fracture distance L = 100–400 �m was taken as optimum
or further analysis. In this case the baseline (Fig. 7) changes

nconsiderably.26

Further analysis should take account of the fact that the
ritical stress intensity factor KIc, proposed by Irwin27 and rec-
gnized as the fracture criterion, can be comparable with the

ig. 7. EF base diagram with data points for ceramics exhibiting fracture barriers
f different levels (L = 100–400 �m).
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440 ± 39 (46) 467 ± 43 (16)
372 ± 49 (50) 435 ± 30 (22)

riffith surface energy γef
28 for the ideally brittle material using

is critical strain energy release rate concept GIc = K2
Ic/E =

γef (E is the elastic modulus).1 In our case, the fracture resis-
ance FR was proportional to the critical stress intensity factor

Ic. Thus, proportionality between FR and KIc values for ceram-
cs that are similar to the ideally brittle material confirms that
hese criteria do not contradict each other. Therefore, the FR–KIc
elation (EF baseline) may be used for evaluating the validity of
Ic estimates in different tests. For this purpose, additional EF
xperiments should be performed and their results together with
Ic data plotted in the EF baseline. Fracture toughness measure-
ents are valid only in the case when the data points of both

xperiments practically coincide with this line.
It should be noted that the less the mechanical behaviour

f ceramics is consistent with that of the ideally brittle mate-
ial, the farther their data points from the baseline (Fig. 7), e.g.,
nelastic phase-transformed partially stabilized Mg-PSZ (MS)
eramics,25 a silicon nitride particulate ceramic composite,

29

r a microlaminated composite Ti3SiC2.10 So, their fracture
iagrams can be nonlinear, stress–strain curves for these mate-
ials are often nonlinear (χ < 1),30 thus, their fracture resistance
hould not be estimated using the linear fracture mechanics
oncepts.1 In the strict sense, their fracture criterion should be
-integral rather than the critical stress intensity factor KIc.31,25

ata points that do not coincide with the baseline, lying above
t (Fig. 7), are typical of materials displaying the effect of a
igh barrier to the onset of fracture9,10 (higher resistance to the
ucleation of an initial crack), which is inherent in boron and sil-
con carbide ceramics,7 as well as technical and optical glasses18

Fig. 7). Analysis of test results21 using the EF approach9 (Fig. 8)
eads also to a similar conclusion. For this purpose, data points
or conventional linear elastic RBSN, Vitox alumina, and sin-
ered Si3N4 ceramics should be connected by the straight line,
imilar to our baseline. Then data points for soda lime glass and
lpha-SiC should be plotted in the “base diagram”, it turns out

hat they fall much above this line, which is indicative of the

xistence of a fracture barrier.

To make the EF baseline generally accepted (standard),
eramics totally corresponding to the ideally brittle material of
inear fracture mechanics should additionally be tested.
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Fig. 8. Fracture barrier estimation for several materials.21

. Conclusion

The existence of the proportional relation between the frac-
ure resistance FR and fracture toughness KIc for linear elastic
omogeneous ceramics (similar to the ideally brittle material of
inear fracture mechanics) has been confirmed. This relationship
as been termed the EF baseline.

It has been shown that the economically attractive and
asy-to-apply EF test method can be employed instead of recog-
ized methods for fracture resistance estimation of conventional
eramics. It does not require special test equipment and large-
ize specimens.

The EF baseline is useful for establishing the reliability of
racture toughness estimates of ceramics tested by accepted
ethods, it may also be appropriate for approximate division

f materials by their resistance to the onset of fracture.
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