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Evaluation of fracture toughness using small notched specimens
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Abstract

As a part of small specimen testing techniques, the notched specimen technique is studied to overcome the difficulties in
introducing fatigue precrack to small fracture toughness specimens. It was noted that stress triaxiality and the plastic constraint
ahead of a notch root decreased with increasing notch root radius (�). Considering that the applied stress at the notch tip is
redistributed and relaxed due to the increased plasticity, the fracture toughness obtained from notched specimens was corrected.
Fracture toughness testing was conducted using an instrumented impact and a static three-point bending tester. The specimens
had notch root radii which ranged from a fatigue precrack to a Charpy notch root radius of 250 �m. Fracture toughness values
corrected from the results of notched specimens were very consistent with the plane strain fracture toughness obtained from
precracked specimens. In addition, a limiting notch root radius (�0), below which the fracture toughness was independent of �,
was observed. To investigate this phenomenon, the fracture surface was observed with a scanning electron microscope (SEM).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The critical conditions for failure or fracture can be
predicted using the basic principles of fracture me-
chanics. Fracture mechanics is the inter-relationship
between crack size, load (stress) and fracture resis-
tance of the material. Due to this predictability, frac-
ture toughness evaluation is one of the most
important aspects used for structural integrity. Many
organizations publish standardized procedures for
fracture toughness measurements, including the
ASTM [1] and BSI [2].

Most of the existing standards have specimen size
requirements to ensure that measured values are not
influenced by the specimen size. Recently, the need
for small-sized specimens has arisen for several rea-
sons, i.e. shortage of materials, limited irradiation

space in nuclear plants and the requirement to quan-
tify property gradients (e.g. irradiated components,
welds). To address this need for testing of small-sized
specimens, many studies have been taken to develop
testing technologies for small-volume specimens [3–5].
There are, however, many difficulties with fracture
toughness measurement using currently accepted small
specimen testing techniques. The problem is mainly
due to the difficulty in introducing a fatigue precrack
into a small-sized specimen. The requirement to intro-
duce a precrack is necessary when evaluating fracture
toughness based on fracture mechanics.

The primary objective of this study was to check if
an easily machined small notched specimen would be
an acceptable alternative for evaluating fracture
toughness. The notch effects on fracture toughness
were divided into stress redistribution and stress re-
laxation effects and they were corrected. Corrected
values of the notched specimens’ fracture toughness
were compared with those obtained from precracked
specimens.
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2. Theoretical analysis of notch effect

2.1. Stress triaxiality of notched specimens

The prime effects of a notch including a crack are
introducing a stress concentration and producing a
triaxial stress at the notch/crack tip. If the specimen
embedding notch/crack is subjected to loading as
shown in Fig. 1, then high longitudinal stress (�yy) at
the notch/crack tip causes the specimen to extend elasti-
cally and to contract laterally due to the Poisson effect.
This contraction is greatest near the notch/crack tip
where �yy is the highest. The longitudinal stress (�yy)
falls off rapidly away from the notch/crack tip and this
region does not tend to contract. As the area away
from the notch/crack tip tends to maintain its original
dimensions while the area adjacent to the notch/crack
tip is contracting, the lateral stresses (�xx and �zz) exist

near the notch/crack tip to prevent contraction and
maintain continuity. A triaxial state of stress is there-
fore developed around the crack/notch tip. The exis-
tence of these lateral stresses raises the average value of
�yy at which point yielding begins. The triaxial stress
state makes it more difficult to spread the yielding zone
at the notch/crack tip.

Since �yy ahead of a notch decreases with increasing
notch root radius, the stress triaxiality also decreases.
This means that the plastic zone size ahead of the notch
increases with notch root radius (�). The fracture
toughness of a notched specimen can be evaluated by
considering the increased plastic zone size when com-
pared to the precracked specimen. Infinite stress at the
crack tip, which is assumed in linear elastic fracture
mechanics, should be reanalyzed as the inelastic region
grows at the notch tip. Also, correction of the stress
relaxation effect caused by this plastic deformation is
required.

2.2. Correction of stress redistribution effect

Fracture mechanics assumes the existence of very
sharp cracks in continuous solids. Linear elastic stress
analysis predicts the presence of infinite stresses at the
crack tip. In real materials, the yielding occurs at the
crack tip. Due to this yielding, the �yy cannot exceed
the material’s uniaxial yield strength (�ys) for plane
stress condition, and three times the yield strength for
plane strain condition. This means that the infinite
stress must be redistributed to satisfy force equilibrium
when yielding occurs.

As plastic deformation also occurs at the notch tip,
the stress redistribution at the notch tip was considered.
The stress redistribution effect can be corrected by
applying the Irwin approach [6]. He corrected the stress
redistribution effect on fracture toughness by defining
an effective crack length (aeff). The effective crack
length is defined as the sum of the original crack length
and plastic zone size, as shown in Fig. 2.

aeff=a+ry (1)

where a is the original crack length (here, equivalent to
notch depth) and ry is plastic zone size; ry is determined
according to the stress state at the crack tip.

In case of plane stress condition

ry=
1

2�

�KI

�ys

�2

(2a)

In case of plane strain condition

ry=
1

6�

�KI

�ys

�2

(2b)

where KI is the stress intensity factor and �ys the yield
strength.

Fig. 1. Schematic illustration of the transverse contraction that occurs
ahead of a crack/notch.

Fig. 2. Correction of Irwin plastic zone.
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Fig. 3. Stress concentration factors as a function of �/d (d=5 mm).

relaxation does not occur. This can be calculated from
Neuber’s nomograph [7].

kt=1+
(�fk−1)(�tk−1)

�(�fk−1)2(�tk−1)2
(6)

where both �fk and �tk are a function of a/� and d/� (d :
ligament length).

The fracture toughness, which should consider the
stress relaxation effect, can also be represented as shown
in Eq. (5)

K �I=�
� �max,tip

k �t
��a (7)

where � �max,tip is the maximum stress and k �t is the stress
concentration factor at this time. Dowling suggested a
stress concentration factor in the notched specimen using
a stress intensity factor that was calculated for the
hypothetical case where the notch is collapsed to form
a crack of the same major dimension [8]:

k �t=
2KI

�nom���
(8)

Fig. 3 shows the elastic stress concentration factor
based on Neuber’s and Dowling’s method as a function
of �/d. It can be seen that k �t becomes smaller than kt as
� increases. The stress intensity factor in Eq. (8), which
is only effective under linear elastic state, is suspected to
deviate from the linear elastic behavior. Plastic deforma-
tion will occur to the extent of deviation from the linear
elastic state, so that the stress will become relaxed. Since
both �max,tip in Eq. (5) and � �max,tip in Eq. (7) must reach
the critical fracture strength of �f to initiate fracture, the
stress relaxation effect can be corrected using the ratio
of stress concentration factors from Eqs. (5) and (7).

KI=
k �t
kt

K �I (9)

Finally, by putting the effective fracture toughness into
K �I in Eq. (9), the fracture toughness, which corrected
both stress redistribution and stress relaxation effects,
can be obtained.

3. Experimental procedures

The material used in this study was SA 508 class 3 steel,
which is the type of material used for constructing
nuclear pressure vessels in Korea. This material’s chem-
ical composition and mechanical properties are given in
Table 1. Standard size (10×10×55 mm3) Charpy spec-
imens were used for both dynamic and static fracture
toughness tests. Notches with root radii ranging from 60
to 280 �m were machined mechanically, as shown in Fig.
4. Their root radii were measured with an optical
microscope. The ratio of notch depth to the specimen
width (a/w) was set at 0.5 for all specimens. A precracked

Since the notch tip is a free surface and carries no stress
on that surface (plane stress state), the effective crack
length for notched specimens is determined by inserting
Eq. (2a) into Eq. (1).

The effective fracture toughness ((KI)eff), for the case
where the stress redistribution effect is corrected, can be
obtained by inserting the effective crack length into the
stress intensity factor as follows:

(KI)eff=�(aeff)�nom��aeff (3)

where �(aeff) is a parameter that depends on the specimen
and crack geometry and �nom is nominal stress.

The Irwin approach does not consider the stress
relaxation by excessive plastic deformation at the notch
tip. From this observation, the stress relaxation effect
should be also considered.

2.3. Correction of stress relaxation effect

The stress concentration factor was considered as a
possible parameter to be used for correcting the stress
relaxation effect as it can control deformation and
fracture below the notch. The stress concentration factor
in linear elastic materials is described as the ratio of the
maximum stress to the nominal stress based on the net
section.

kt=
�max,tip

�nom

(4)

Substituting Eq. (4) into the nominal stress in Eq. (3),
the fracture toughness of the notched specimen without
stress relaxation can be represented by the stress concen-
tration factor:

KI=�
�max,tip

kt

��a (5)

kt is the stress concentration factor when the elastic
stress state is maintained at the notch tip and stress
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specimen was also prepared to obtain the plane strain
fracture toughness. Fatigue precrack was made accord-
ing to the ASTM E399 method [2].

Dynamic fracture toughness testing was performed
using a pendulum instrumented impact tester (Tinius–
Olsen Model) with 406 J capacity at a loading rate of 1.27
m s−1. The tup of the impact hammer was instrumented
with a load cell (strain gauge-type) to record the loading
applied to the specimens as a function of time. A light
velocity sensor was used to measure impact velocity and
calculate displacement. The output signals from the load
cell and the velocity sensor were passed through an
amplifier and then to a data acquisition system. The
acquisition system receives output signals at high speed
(5 MHz) and resolution (12 bits) and also has a large
memory (16 MB).

Static fracture toughness testing was performed using
10 ton capacity universal tester (Instron Model 5582).
The specimens were loaded in three-point bending at a
crosshead speed of 0.5 mm min−1.

All the fracture toughness tests were conducted at
liquid nitrogen temperature (77 K). For low temperature
testing, dynamic tests were conducted according to
ASTM E23 [9] with all the testing procedures being
completed in less than 5 s, after holding the specimens
in a liquid medium for at least 5 min. For the static test,
the specimens were tested according to the ASTM E399
test method, in a constant temperature bath capable of
controlling to �1 K. After testing, the fracture surface
was observed by scanning electron microscope (SEM).

4. Results and discussion

Figs. 5a and 6a show the fracture toughness obtained
from the load–displacement curve under dynamic and
static loading state. Plane strain fracture toughness
values were obtained from precracked specimens, satisfy-
ing plane strain conditions, under each loading state. The
values for dynamic (KID) and static (KIC) loading were

Table 1
Chemical compositions and mechanical properties of materials used in this study

(a) Chemical compositions :
AlMoCrNiSiPMnCElement CuV

0.490.210.920.24Chemical composition (wt.%) 0.007 0.0221.360.21 0.030.005

(b) Mechanical properties :
Yield strengthTemperature Tensile strength
(MPa) (MPa)

Room temperature 457 602
96891877 K

Fig. 4. Microviews of various notch root radius specimens: (a) �=60 �m; (b) �=120 �m; (c) �=180 �m; and (d) �=280 �m.
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Fig. 5. Fracture toughness as a function of the square root of notch
root radius (�1/2) under dynamic loading: (a) apparent; (b) effective;
and (c) notch effects corrected.

root of �. This observation is also shown in other
previous researches [10–12]. The decrease in stress tri-
axiality with increasing � was confirmed to cause a
decrease in the stress that would initiate fracture. The
conclusion from this is that the fracture toughness
increases with �. The �0 phenomena will be described
later.

Fig. 6. Fracture toughness as a function of the square root of notch
root radius (�1/2) under static loading: (a) apparent; (b) effective; and
(c) notch effects corrected.

32.78 MPa m1/2 and 46.70 MPa m1/2, respectively. Ap-
parent fracture toughness values, which are obtained
from notched specimens, are also shown as a function
of the square root of �. There appears to be a limiting
notch root radius (�0) below which the fracture tough-
ness is independent of �. Above �0, apparent fracture
toughness values are directly proportional to the square
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Fig. 7. SEM micrographs showing fracture origin locations: (a) precracked; (b) �=90 �m; (c) �=150 �m; and (d) �=210 �m.

For apparent fracture toughness above �0, stress
redistribution effect was corrected by using Eq. (3).
Figs. 5b and 6b show the effective fracture toughness
obtained by the correction of stress redistribution effect
under dynamic and static loading state. They show that
notch effects were partially corrected. The correction of
stress redistribution has a small effect for the pre-
cracked specimens [13] while it has considerable effect
for the notched specimens that are shown in the figures.
Since the notched specimens have larger plasticity at
the notch tip than the precracked specimen, the stress
redistribution becomes important. But, there is still a
significant difference between the effective fracture
toughness and plane strain fracture toughness. Because
of this difference, the stress relaxation effect was also
considered.

For effective fracture toughness, the stress relaxation
effect was corrected by using Eq. (9). Figs. 5c and 6c
show the fracture toughness obtained by the correction
of both stress redistribution and stress relaxation effects
under dynamic and static loading, respectively. Frac-
ture toughness values obtained by the correction of

both notch effects were consistent with the plane strain
fracture toughness obtained from the precracked speci-
mens when under each loading state. It was confirmed
that notch effects were reasonably analyzed and
corrected.

Apparent fracture toughness is independent of �

when it is below �0. This apparent fracture toughness
has the same value as plane strain fracture toughness
when it is measured in precracked specimens, as shown
in Figs. 5 and 6. Ritchie and Swanson have also
observed the existence of �0 [11,12]. Their studies only
suggested that it would be related with some mi-
crostructural features. In this study, �0 is discussed
from observing fracture surfaces after testing.

Fig. 7 shows the scanning electron micrographs for
fracture surfaces after static fracture testing. Cleavage
fracture occurred in all the specimens. For cleavage
fracture to initiate, the stress ahead of the crack/notch
tip must exceed �f over a characteristic distance (xc). �f

is determined by intrinsic variables such as microstruc-
ture and extrinsic variables such as temperature and
strain rate. Characteristic distance (xc) represents the
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minimum distance from the crack/notch tip which must
be sampled ahead of the crack/notch tip to find a
fracture initiation site, such as second phase particle,
slip band or twin band [10,11,14]. The materials used in

this study have the microstructure of bainitic ferrite
lath created by a quenching and tempering process, as
shown in Fig. 8. In the quenched and tempered steels,
cleavage fracture usually initiates at second phase parti-
cle such as carbide or an inclusion [11,14].

As shown in Fig. 7a and b, fracture origin locations
(white circle in figures) are constant up to about 30 �m
below �0, while they move away from the notch tip
with � above �0. These observations show that fracture
initiation in the notched specimens below �0, including
the precracked specimen, occurred at the same fracture
initiation site under the same applied stress. Thus, the
specimens have the same fracture toughness. This also
means that the stress redistribution and stress relax-
ation are minimal below �0.

Precracked specimens and notched specimens below
�0 can fail under the same applied stress, even though
the stress concentration is higher in the precracked
specimens than in the notched. The stress at the crack
tip in a precracked specimen can easily reach �f due to
high stress concentration, even when a stress that is
lower than which would fracture the notched specimens
below �0 is applied. However, the precracked specimen
may not fail, since the stress gradient at the crack tip is
so steep that the stress at the fracture initiation site
cannot reach �f (the dotted line in Fig. 9a). To initiate
the fracture, the applied stress should increase until the
stress at the fracture initiation site reaches �f (the solid
line in Fig. 9a). An applied stress of this magnitude can
also fracture the notched specimens below �0, in spite
of the lower stress concentration around the notch. The
stress redistribution and stress relaxation effects are
relatively small even with increasing � below �0, as
mentioned above. The free surface of a notch produces
triaxial stress far from the notch tip (that is, near the
fracture initiation site). Hence, the stress can easily
reach �f at the fracture initiation site, as shown in Fig.
9b.

The specimen above �0 experiences stress redistribu-
tion and stress relaxation effects at the notch tip. This
causes the fracture initiation site to move away from
the notch tip (Fig. 7c and d).

The �0s are 130 �m for static loading state and 170
�m for dynamic loading state. A high loading rate
tends to elevate the flow stress of the material. The
elevated flow stress compensates the decrease in stress
triaxiality ahead of a notch. The specimens with larger
� can be easily fractured without stress redistribution
and stress relaxation effects while the loading rate
increases. Thus, �0 is larger for dynamic loading state
than for static loading.

The magnitude of �0 is suspected to depend on the
ability to concentrate stress ahead of a notch and the
site of local inhomogeneity to initiate fracture.

Fig. 8. An optical micrograph of SA 508 class 3 steel.

Fig. 9. Schematic of cleavage fracture initiation at second phase
particle ahead of: (a) a precrack; and (b) a limiting notch root.
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5. Conclusions

Using small notched specimens, the fracture toughness
could be evaluated from both instrumented impact and
static three-point bending test. This use of small notched
specimens is expected to overcome the difficulties caused
by introducing precrack to small fracture toughness-
specimens. (1) The stress redistribution effect of notch
effects was corrected from the effective fracture tough-
ness. This was calculated by substituting an effective
crack length (i.e. the sum of original crack length and
plastic zone size), rather than by using the original crack
length. (2) The stress relaxation effect of notch effects was
corrected by the elastic stress concentration factors’ ratio
under elastic stress state to stress-relaxed state. (3) The
corrected fracture toughness values of notched specimens
were consistent with plane strain fracture toughness
obtained from precracked specimens. (4) There appeared
to be a limiting notch root radius (�0) below which the
fracture toughness was independent of �. It is because
the specimens below �0 failed at the same fracture
initiation site under the same applied stress.
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