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In this investigation, fracture process zone model is used to establish a new relationship to
predict the intrinsic fracture toughness from the apparent fracture toughness of a
notched-crack specimen. The parameters needed in the proposed model are very rare, such
as, the fracture process zone size of materials, the notch radius. Specimens made up of two
kinds of polycrystalline alumina and one soda-lime glass with notch radii as small as a few
micrometer are used to verify the predictions of this model. Besides, the results also show
that fracture toughness of ceramics decreases with the decreasing of notch root radius.
Under condition of the radius of crack tip is not greater than the averaged grain size, the
apparent toughness can be approximately regarded as the fracture toughness of the
materials. C© 2000 Kluwer Academic Publishers

1. Introduction
Fracture toughness is a very important parameter in
characterizing mechanical properties of brittle materi-
als, a number of test procedures have been developed
to determine the plane strain fracture toughnessKIc
of brittle materials. The methods, such as, single edge
notched bend (SENB), compact tension (CT), the dou-
ble cantilever beam (DCB), double torsion (DT), and
chevron notch (CHV) specimen are often used in the
testing of fracture toughness of brittle materials, in ad-
dition to the consideration of the usually machining and
measuring conditions [1, 2]. However, the pre-crack
used in above test is in the form of a diamond sawed
notch due to the using of diamond saw in creating the
crack, this, of course, is at varying levels different from
the requirement needed by linear elastic fracture me-
chanics.

Because of the very limited extent of plastic defor-
mation at the notch tip of brittle materials, the tra-
ditional pre-cracking method–metallurgical cyclic fa-
tigue technique, is inconvenient to be used to create an
ideal crack for ceramics and glass. Therefore, other pre-
cracking techniques have been introduced to produce
sharp crack ahead of notch tip, such as, bridge indenta-
tion [3], compressive cyclic fatigue [4], pressing wedge
[5], pre-cracked before sintering [6, 7], stress corrosion
[8] and polishing [9], etc. Among them, the indentation
method is the most simple one, however, undesirable
residual stress around crack is always introduced by this
approach. SENB specimen is most rather conventional
and widely used one, the advantage of it’s simple geom-
etry makes the machining very easy, on the other hand,
a small piece of material is enough for specimen. The

difficulty for this specimen method is to introduce a
natural crack ahead of the sawed notch. Experiments
[10–12] revealed that the apparent toughness values
that calculated from the maximum load varies with the
notch tip radius, the apparent values decrease with de-
creasing of notch radii first, and then approaches to a
constant as the radius of notch tip reaches to a critical
value, which seems to be dependent on the microstruc-
ture of the materials, especially the grain size [13]. So,
it is necessary to asses the effect of the notch radius as
well as microstructure of the material on the fracture
toughness of brittle materials. Up to now, though some
efforts have been made to reveal the relationship be-
tween fracture toughness and notch radius, the problem
is not solved completely. Usami [14] proposed a grain
fracture model, in which he assumed that crack starts
ahead of an original crack tip in a large grain whose
grain boundary is close to the plane maximum princi-
pal stress, so, the apparent fracture toughness tends to
be constant when the notch radius is small than three
times of average grain diameter. Hishide [15] modified
the above model, and assumed that when the elastic
strain energy stored in one grain just ahead of the crack
tip exceeds the energy of a single crystal, the crack
will propagate. Obviously, these model is suitable to
describe trans-granular crack.

The main purpose of this paper is to investigate the ef-
fect of notch radius on the fracture toughness of brittle
materials in much detail experimentally and theoreti-
cally, and establish a more philosophically mechanical
model to predict fracture toughness of brittle materials
from the apparent toughness from sawed notch crack
specimen.
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2. Assessment model
2.1. Fracture process zone
Brittle materials, such as, ceramics and glasses, is
lack of plastic deformation. Experimentally, in order
to avoid significant stress singularity at the crack tip,
several models, such as, the COD model [16], critical
process zone model [17], average stress model [18],
were put forward to study the fracture behavior of ce-
ramics. However, the base of those above models was
established on the fracture criterion of ductile materi-
als. So it may be worthwhile to develop an actual model
brittle material itself for predicting the fracture tough-
ness of accurately.

According to Irwin [19], the principal stress distri-
bution ahead of the crack tip is as follows
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where σxx, σyy, σxy denote principal stresses. Equa-
tion 1 shows that the stress in small region ahead of
the crack tip is in multi-axial stress state.

For the brittle materials, there also exit a fracture pro-
cess zone ahead of the crack tip, the stress in the pro-
cess zone is approximately equal to the fracture stress
[16], therefore the process zone can be thought as the
rupture-origin zone, but it is difficult to know at which
point the fracture will origin. In order to specify the
dependent of fracture on the process zone, the average
stress over the process zone is considered to be a charac-
teristic parameter. Thus the crack is postulated to grow
when the average stress in the process zone exceeds the
strength limit. The average stress fracture model can be
expressed as

1

r0

∫ r0

0
σ (r ) dr = σs (2)

Let KI = KIC and along the directionθ = 0 in Equa-
tion 1, the maximum principal stress is

σyy = KIC√
2πr
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Substituting Equation 3 into Equation 2, it yields
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r0 represents the size of fracture process zone ahead of
crack tip at-axis.

2.2. Effect notch radius on fracture
toughness

For notched specimen, the stress distributions ahead of
notch tip is [20]
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where p and a denote notch radius and notch depth
respectively, the origin point ofr is at crack tip.

Along the directionθ = 0, the first term of Equation 5
becomes

σyy = KIn√
π (2r + ρ)
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)

(6)

whereKIn= σ√πa, a is notch depth. Substituting (6)
into (2), the criterion for notched specimen can be writ-
ten as

σs = 2KIn√
π (2r0+ ρ)

(7)

For cracked specimen, the stress around the mode crack
can be expressed as [21]

σ (r ) = σ (a+ r )
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Substituting Equation 8 into Equation 2, the criterion
becomes
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whereKIC = σ√πa, a denotes depth of crack. In stan-
dard tests, the conditionaÀ r0 is usually satisfied, then
Equation 9 becomes

σs =
√

2

πr0
KIC (10)

Combining (7) and (10), the correlation between
the fracture toughnessKIc and the apparent fracture
toughnessKIn measured by notched specimen can be
obtained as follows

KIn

KIC
=
√

1+ ρ

2r0
(11)

It can be seen from equation 11 thatKIn approaches to
KIc as the radius of the notch tip reaches zero.
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3. Experimental verification
3.1. Experimental procedure
Single edge notched bend specimen with the dimension
of 2× 5× 40 mm are used for this test. The materi-
als are two kinds of commercial alumina (95%Ai2O3)
which are marked as Alumina1 and Alumina2, respec-
tively, and one soda-lime glass. The average grain di-
ameter is 20µm for Alumina1 and 13µm for Alumina2
(Xi’ an Microwave Co), and the strength for Alimina1,
Alumina2 and Glass are 249 Mpa, 235 Mpa and 71
Mpa, respectively. The difference of the mechanical
property of Alumina1 and Alumina2 is due to the dif-
ferent sintering additives. The straight notch was intro-
duced at the center of the tension surface by means of a
diamond cutter, the notch width is 0.26–0.30 mm, then
the sharp notch was introduced at the sawed notch tip
by using a razor sprinkled with 1.5 um diamond paste.
From the mentioned method, the minimum sharp notch
with notch radii about 5–6µm were obtained. The Scan
Electron Microscope photographs of the sharp notches
are shown in Fig. 1. The relative crack length defined
as the ratio of crack length to specimen width,a/w,
measured on both sides of specimen is within the range
of 0.45–0.55. Bending tests were carried out on a gen-
eral electric testing machine, the cross-head speed is
0.5 mm/min, the span s between two supporting points
was taken to be 20 mm. According to ASTM standard
E 399–81 [22], the apparent fracture toughness is cal-
culated by following equation

KIC =
(

PC

BW1/2

)
Y

(
a

W

)
Y(α) =

(
s

w

){
3α1/2

2(1+ 2α)(1− α)3/2

}
(12)

×{[1.99− α(1− α)(2.15− 3.93α + 2.7α2]}

Figure 1 Scan electron microscope photographs of sharp notches, (a) and (a′) ρ = 8µm, (b) and (b′) ρ = 5µm.

wherePc denotes the peak load at which the notched
specimen finally fractures,α=a/w. B andW are the
thickness and width of the specimen, respectively.

3.2. Experiment results
Fig. 2 shows the testing results of two kinds of alumina
and a soda-lime glass, where the tendency of linear
regression are represented by the solid line. As can be
seen, the fracture toughness decreases with the decreas-
ing of notch tip radius. The apparent fracture toughness
measured by using notched specimen may be taken as
the fracture toughnessKIc when the notch tip radius is
reduced to be equal to the average grain diameter of alu-
mina. Therefore the average grain diameter of alumina
may be taken as an estimate of the critical radius of
crack tip, below which the values of fracture toughness
measured is effectively constant.

The normalized fracture toughness,KIn/KIC, is plot-
ted vs the ratio of notch radius to the fracture process

Figure 2 Decreasing apparent fracture toughness as notch radius re-
duced for alumina1, alumina2 and glass.
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Figure 3 Normalized fracture toughness vs notch radius to process zone
size.

zone as shown in Fig. 3, the process zone size are cal-
culated from Equation 4 with the values of fracture
toughness and fracture strength, where predicted line
(solid line) is drawn according to Equation 11 for two
kinds of alumina and the soda-lime glass, the values
KIC are extrapolation from zero notch radius. The data
from literature [23, 24] are also plotted in Fig. 3. It can
been seen that Equation 11 agree well with test results
of two kinds of polycrystalline alumina and the data of
alumina [23] and silicon nitride [24] from literature, but
some points from glass seem large deviation from the
solid line, this is probably because that when the glass
specimen were machined, the high speed diamond cut
cause some piece of glass at the notch tip away from
the notch tip, thus resulted in the large deviation of the
experiment results.

4. Conclusion
1. The fracture process zone model is developed in this
study. The zone size can be used as a characteristic mi-
crostructure parameter in predicting the fracture tough-
ness of brittle materials.

2. The apparent fracture toughness decrease with the
decreasing notch radius, there exists a critical radius of
crack tip, below which the value of fracture toughness
is effectively constant and may taken as that of brit-
tle materials. For polycrystalline ceramics, the average
grain diameter may be taken as an estimate of the crit-
ical radius of crack tip.

3. From the proposed expression, the true fracture
toughnessKIC can be predicted from test results of
apparent fracture toughness measured by using notched
specimen from Equation 11.

4. The so-called razor polishing method may be an
effective one for pre-cracking in measuring accurate
fracture toughness of brittle materials.

References
1. Q. C. Z H A N G, “Mechanical Properity of Ceramics,” (Science

Press Beijing, 1987).
2. M . M I Z U N O andH. O K A D A , J. Am. Ceram. Soc. 78 (1995)

1793.
3. T . N O S E andT. F U J I, ibid. 71(5) (1988) 323.
4. L . E W A R T andS. S U R E S H, J. Mater. Sci. Lett.5 (1986) 774.
5. M . J. R E E C E, F. G U I U and M . F. R. S A M M U , J. Am.

Ceram. Soc.73(2) (1993) 348.
6. Z . X . H E, Master thesis, Northwestern Polytechnic University,

1992.
7. V . E. A N N A M A L A I , R. P O N R A J, S. R A M A K R I S H N A

I Y E R, C. V . G U L A R A T H N A M and R.
K R I S H N A M U R T H Y , J. Am. Ceram. Soc.76(3) (1993) 785.

8. S. M . W I E D E R H O R N, “Fracture Mechanics of Ceramics,
Vol. 2” (Plenum, New York, 1974) p. 613.

9. T . N I S H I D A , Y . H A N A K I andG. P E Z Z O T T I, J. Am. Ceram.
Soc.77(2) (1994) 606.

10. F. E. B U R E S H, ASTM STP678 151–165 1979, Philadephia P A.
11. R. J. M Y E R S and B. M . H I L L B E R Y , “Fracture, Vol. 3B,”

edited by D. M. R. Taplin (Pergamon Press, New York, 1977)
p. 1001.

12. Z . D. Z H U A N , “Physics Property of Inorganic Materials”
(Qinghua Univ Press, Beijing, 1992).

13. F. -H. W A N G, L I U W E I , L U M I N X U andZ H E N G X I U L I N ,
J. Inorganic Mater12(1) (1997) 121.

14. S. U S A M I , H. K I M O T O , I . T A K A H A S H I andS. S H I D A,
Eng. Fract. Mech.23(4) (1986) 745.

15. T . H O S H I D E, ibid. 44(3) (1993) 403.
16. E. R. D E L O S, K . A N D O andR. H. B I D D U L P H, Fatigue

Fract. Engng. Mater. Struct.13 (1990) 431.
17. K . A N D O, B. A . K I M , M . I W A S A andN. O G U R A, ibid.

15(2) (1992) 139.
18. Y . B A O andZ. J I N, ibid. 16(8) (1993) 829.
19. G. A . I R W I N , J. Appl. Mech.24 (1957) 361.
20. Z . B. K U A N G , Eng. Fract. Mech.16(1) (1982) 19.
21. H. M . W E S T G A R A D, J. Appl. Mech.61 (1939) A49.
22. M . S A K A I andR. C. B R A D T, Int. Mater. Reviews38(2) (1993)

53.
23. R. L . B E R T O L O T T I, J. Am. Ceram. Soc.56 (1973) 107.
24. T . T A K A H A S H I , S. U S A M I , K . N A K A K A D O M , H.

M I Y A T A andS. S H I D A, J. Ceram. Soc. Japan93 (1985) 186.

Received 8 December 1998
and accepted 18 November 1999

2546


