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Abstract In this work, notched specimens with two
notch geometries were tested in two loading modes
(four-point bending (4PB) and three-point bending
(3PB)) at various loading rates at a temperature of
—110°C for a C—Mn steel. An elastic—plastic finite-
element method (FEM) is used to determine the stress
distributions ahead of notches. By accurately measur-
ing the distances of the cleavage initiation sites from
the notch roots, the local cleavage fracture stress oy is
measured. The results obtained and combining with
previous studies by the authors show that the local
cleavage fracture stress oy is closely related to the cleav-
age fracture mechanism (critical events) in steels. The
of values do not change with loading rate, notch geom-
etry and loading mode, as long as the critical event
of cleavage fracture does not change at various test-
ing conditions. The of is mainly determined by the
steel microstructure, and its scatter is mainly caused
by the size distribution of the weakest constituent in
steels (ferrite grain or pearlite colony with large sizes
and large second phase particles) and the change of the
critical events in cleavage process. The or can
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characterize the intrinsic toughness of steels and may be
used in a “local approach” model for assessing integrity
of flawed structures. The or values could be measured
by both 4PB and 3PB tests.
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1 Introduction

It is well known that the cleavage fracture of ferrite
steels is controlled by a critical local tensile stress cri-
terion (oyy > of) (Knott 1966; Tetelman et al. 1968;
Ritchie et al. 1973; Thompson and Knott 1993). A
salient feature of cleavage fracture is the variability
of experimental results. An extensive scatter band of
measured values is usually observed for global parame-
ters assessing fracture toughness such as Kjc, Jic and
COD. A lot of probabilistic models have been devel-
oped to describe the distribution of the measured scat-
ter (Beremin 1983; Wallin 1984; Lin etal. 1986; Mudry
1987; Minami etal. 1992; Ruggieeri and Dodds 1996;
Gao etal. 2001). Most models are based on the weakest
link theory, i.e., the whole specimen fails at the moment
when the normal stress oyy exceeds the local fracture
stress or and propagates a cleavage crack in a carbide
particle. A Weibull probability function of the normal
stress is used to a large extent to describe the scatter of
measured fracture toughness values. Therefore, ot is an
important parameter for the cleavage fracture models.
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These Weibull stress models (Beremin 1983; Wallin
1984; Lin etal. 1986; Mudry 1987; Minami etal. 1992;
Ruggieeri and Dodds 1996; Gao etal. 2001) employ
only two or three parameters (Weibull shape factor
m, scale parameter ou and threshold stress oth) to
describe the cleavage event, and the potential depen-
dencies of these Weibull parameters on temperature,
loading rate, irradiation, pre-straining, specimen geom-
etry, etc., remain largely open issues (Mudry 1987; Gao
etal. 2001).

The local cleavage fracture stress oy is regarded as a
decisive factor controlling cleavage fracture and tough-
ness of various steels (Ritchie etal. 1976, 1979; Curry
1980; Ritchie and Thompson 1985; Lin etal. 1986;
Kavishe and Baker 1986; Lewandowski and Thomp-
son 1986; Samant and Lewandowski 1997). It is related
to the Weibull stress parameters in the Weibull stress
model mentioned above. The Weibull stress model is
the base for the development of a “local approach”
for the assessment of the mechanical integrity of any
flawed mechanical structure, and it needs to be cor-
rected based on the actual cleavage fracture mechanism
and physical model of steels (Pineau 2006). Therefore,
for developing realistic physical and probabilistic mod-
els of cleavage fracture, the factors influencing the local
cleavage fracture stress or should be investigated.

The early works (Chen etal. 1990a, 1997a; Wang
etal. 2001) have shown that the ot was nearly indepen-
dent of test temperature. However, the effects of load-
ing rate, notch geometry and loading mode on the o
have not been completely validated. In previous works
(Chenetal. 1990a, b), ot values estimated from Charpy
V impact test are essentially the same as that measured
by four-point bending (4PB) specimens tested at quasi-
static loading, thus it is considered that the oy is nearly
independent of loading rate. In recent studies by the
authors (Wang et al. 2004a, 2005), 4PB tests of notched
specimens loaded at various loading rates for low alloy
steels with different grain sizes and a C—Mn steel were
done, and the finite-element method (FEM) calcula-
tions were carried out. It was found that the measured
or values do not change with loading rate, as long as
the critical event of cleavage fracture does not change.
The steel with fine ferrite grains have higher oy values
and notch toughness, and its critical event of cleavage
fracture is the propagation of a ferrite grain-sized crack.

About the effects of the notch geometry on the oy,
(Tetelman etal. 1968) investigated the effect of notch
root radius on the local cleavage fracture stress oy by
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means of slip-line field analysis. They suggested that
when the root radius was larger than 0.254 mm, or may
vary with root radius, because of differences in stressed
volumes. The work of Lewandowski and Thompson
(1986) shows that the ot of fully pearlitic microstruc-
ture was independent of notch root radius. Yan etal.
(1993) evaluated the effect of the notch root radius
on or by using FEM analysis and 4PB tests for fine-
grain and coarse-grain C—Mn steel. For both fine grains
and coarse grains, when the notch root radius increased
from 0.25 mm to 1 mm, the stressed volume and frac-
ture load showed marked variations, but oy remained
relatively constant. Cleavage fracture was related to the
elevation of normal stress ahead of the notch and of was
independent of the notch root radius. One of the authors
(Wang etal. 1999) of this paper investigated the effect
of notch depth and notch flank angle on o7 using FEM
analysis and 4PB tests. With increasing notch depths
and notch flank angle, the fracture load and “high stress
volume” showed marked variation, but of remained
relatively constant. The cleavage fracture was related
to the elevation of normal stress ahead of the notch and
was controlled by the criterion oy, > of. The critical
event for cleavage fracture is the propagation of a fer-
rite grain-sized crack into the neighboring matrix and
was independent of the notch depth and flank angle. o
was determined by ferrite grain size with a statistical
variation.

The study about effect of loading mode on the of can
not almost be found in literature. The local cleavage
fracture stress of was commonly measured by loading
notched specimens in 4PB mode (Ritchie etal. 1973,
Lewandowski and Thompson 1986; Samant and
Lewandowski 1997; Wangetal. 1999, 2003). The effects
of other loading modes on the o, such as three-point
bending (3PB) and mixed mode I/II loading, have not
been clarified.

In this work, notched specimens with two notch
geometries were tested in two loading modes (4PB
and 3PB) at various loading rates at a temperature of
—110°C for a C—Mn steel. An elastic-plastic FEM is
used to determine the stress distributions ahead of
notches. By accurately measuring the distances of the
cleavage initiation sites from the notch roots, the local
cleavage fracture stress oy is measured. Based on the
results obtained and combining with previous studies
(Wang etal. 1999, 2001, 2003, 2004a, b, 2005) by the
authors, the effects of loading rate, notch geometry and
loading mode on the oy are further fully investigated.
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2 Experimental procedures

2.1 Materials, specimens and experiments

A C-Mn vessel steel is used. The composition (mass%)
of the steel is C =0.18, Mn = 1.49, Si=0.36,S = 0.03,
and P=0.01, and the microstructure is composed of
ferrite and pearlite.

Tensile, 4PB and 3PB specimens are shown in
Fig. 1. The 4PB and 3PB specimens with same dimen-
sions were cut in the L-T orientation. It means that
the notch plane is parallel to L direction (longitudinal
direction of the steel plate) and vertical to T direction
(transverse direction of the steel plate). The dimen-
sions of the 4PB specimens (4V and 41) (Fig. 1b) and
the 3PB specimens (3V and 3I) (Fig.1d) with two
notch geometries are listed in Table1. The 4V/3V
and 41/31 specimens have the same thickness W=
12.7mm, width B = 12.7mm and notch depth a =
4.25 mm, but different notch flank angle 8 and notch
root radius p. The notch flank angle and notch root
radius of the 4V and 3V specimens (8 = 90°, p =
0.25mm) are larger than that of the 4I and 3I speci-
mens (0 = 0°, p = 0.14mm). The double notch 4PB
specimens (Fig. 1c) are used for observing the remain-
ing micro cracks.

Tensile specimens were tested at various loading
rates at a temperature of —110°C. The true stress o of
the steel as function of plastic strain &,(0 — &p curves)
for different strain rates was measured. The 4PB and
3PB tests were carried out at different loading rates
of 1, 60, 120, 240, 360 and 500 mm/min by a univer-
sal test machine SHIMADZU AG-10T at —110°C (to
ensure the fracture mode of the steel is cleavage), and
the curves of the load and load-line displacement were
recorded automatically. The fracture load Py was mea-
sured by the load—displacement curve.

Table 1 The dimensions of the 4PB specimens
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Fig.1 Tensile and four-point bending (4PB) specimens: (a) ten-
sile specimen, (b) single notch 4PB, (¢) double notches 4PB,
(d) three-point bending (3PB) (The unit is mm)

2.2 Microscopic observation

Fracture surfaces of all specimens were observed in
detail with a scanning electron microscope Hitachi

Specimen W (mm) B (mm) a (mm) a/w p (mm) 6 (°)
4V 12.7 12.7 4.25 0.335 0.25 90
41 12.7 12.7 4.25 0.335 0.14 0
3V 12.7 12.7 4.25 0.335 0.25 90
31 12.7 12.7 4.25 0.335 0.14 0
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Fig. 2 Element
arrangement in the vicinity
of the notch root for the two
notch geometries: (a) 4V
specimen, (b) 41 specimen

L

L

Table 2 Parameters in

FEM models Specimen Number Number Minimum element
of elements of nodes sizes (um)
3V 2950 3094 20.1
31 3076 3222 18.3
4V 3140 3286 20.1
41 3150 3298 18.3

S-520 (Japan). The initiation site of cleavage fracture
was located by tracing the river pattern strips back to
their origin with the similar method used by previous
researches (Wang etal. 2003; Chen etal. 1991, 1996;
Chen and Yan 1992). The distance of the cleavage
initiation site from the tip of the blunted notch was
measured as Xy. For specimens with fibrous cracking
(ductile failure of the material) prior to cleavage the
length of the fibrous crack was measured. For dou-
bly notched specimens, fracture occurred at one notch
and the critical condition was reached in the vicinity of
the survived notch. Six metallographic sections perpen-
dicular to the notch that survived were cut, and were
grouped together in a single bakelite mount and pol-
ished using standard metallographic techniques. The
metallographic sections were etched with 2% Nital to
observe the remaining crack and identify the critical
event of cleavage using the SEM (Wang etal. 1999,
2003).

2.3 Finite-element method calculation

The maximum normal stress oyy on the plane directly
ahead of the notches and effective plastic strain ¢,
ahead of notches were calculated at applied loads from
elastic regime to over general yield for the 4PB (4V
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and 4I) and 3PB (3V and 31) specimens tested at vari-
ous loading rates at —110°C. A two dimensional model
with four-nodes bilinear plane strain reduced integra-
tion elements (CPE4R) was used with the ABAQUS/
Explicit procedure in ABAQUS code. Due to symme-
try, only one half of the geometry needs to be analyzed.
The element arrangement in the vicinity of the notch
root for the two notch geometries is shown in Fig.2.
The numbers of elements and nodes and minimum ele-
ment sizes at the notch tips for all specimens are listed
in Table 2. The true stress—plastic strain curves (o — &p
curves) at various strain rates obtained from the tensile
test results (Fig. 3) were digitized and fit into the series
of data for the input file of the FEM code. The various
strain rates from the tensile tests were automatically
used in different locations ahead of the notch by the
FEM code in the FEM simulations. The general yield
P,y was calculated by the applied load at which a plas-
tic ‘hinge’ spreads across the notched cross-section to
leave an elastic enclave located on the symmetry axis
(Alexander etal. 1986).

2.4 Measurement of the local cleavage fracture
stress or

At a measured fracture load Py, corresponding curves
of tensile stress oyy can be selected from the FEM



Effects of loading rate, notch geometry and loading mode

109

1200
1100
1000

900

©
o ) .
S strain rate €
S 1---0.006
600 2---0.170
3---0.667
500 - 4--1.330
L 5---2.000
400 6---2.780
300 F 7---4.000
200 L 1 L 1 L 1 L 1 L 1 L

0.00 0.05 0.10 0.15 0.20 0.25 0.30

€
p

Fig. 3 The true stress o—plastic strain &, curves of the steel at
different strain rates

calculation results. With the measured Xy (the distance
of the cleavage initiation site from the tip of the blunted
notch) as the abscissa, the corresponding ordinate value
of the normal stress oyy of the stress distribution curve
(Figs.4 and 5) was taken as the local cleavage fracture
stress oy.

3 Results
3.1 Results of tensile tests

Tensile tests were carried out at various loading rates
at a temperature of —110°C. The measured true stress
o—plastic strain ;, curves of the steel at different strain
rates are shown in Fig.3. The stress o increases with
plastic strain &, and strain rate é.

3.2 FEM calculation results of stress distributions
for the 4PB and 3PB specimens

Typical results of the finite element calculations of
the maximum normal stress oyy distributions on the
plane directly ahead of the notches for the 4V/4I and
3V/3I specimens with a loading rate of 240 mm/min
are shown in Figs. 4 and 5, where P is the applied
load, X is the distance to notch root. In these figures,
with increasing load ratio (P/P,) the normal stress oyy
increases, and the peak of the oy, moves away from
the notch root, resulting in the extension of the areas
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Fig. 4 Distributions of the maximum normal stress oyy in front
of notches calculated by FEM for the 4V (a) and 41 (b) specimens
with a loading rate of 240 mm/min

under high oyy. This result is similar to the Griffiths-
Owen’s result (Griffith and Owen 1971). Figures 6 and
7 show the variations of the peak stress oyymax ahead
of notches with applied load ratio P/Pgy for the 4V/41
and 3V/3I specimens with various loading rates. The
Oyymax increases with increasing P/Pgy and it increases
rapidly with the P/Pyy at P/Pgy < 0.6, and after that
(P/Pgy > 0.6) itincreases slowly. With increasing load-
ing rate V the oyymax increases. The oyymax ahead of
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notches of the 4V/3V specimens is lower than that
of the 41/31 specimens, and the oyymax of the 4V/41
specimens is slightly higher than that of the 3V/31
specimens.

3.3 Results of 4PB and 3PB tests
3.3.1 Results of microscopic observation for 4PB tests

The parameters measured from the 4PB tests for the
4V and 4I specimens are summarized in Tables 3 and 4,
respectively. The following ideas are summarized from
experimental observations and the data of Tables3
and 4:

For the 4V specimens in Table3, in the two spec-
imens with lowest loading rate of 1 mm/min (4V13,
4V04), some short fibrous cracks (their average lengths,
Fib, are listed in Table 3) emanating from the notch
occur before cleavage initiation, and the cleavage is

Table 3 4PB test results for the 4V specimens

initiated at a distance from the fibrous crack tip ahead of
the notch root. The local cleavage fracture stress could
not be measured in these specimens due to the ductile
tearing at the notch tips. For all the 4V specimens with
loading rates larger than 1 mm/min, the fracture mode
is cleavage. In some specimens with various loading
rates, the distance Xy from the cleavage-initiating site
to the notch root is zero. In this case the cleavages are
directly initiated at the notch tips, as typically shown
in Fig. 8. In the other specimens the values of Xy are in
arange of 96—1269 um. This means that the cleavages
are initiated at various distances ahead of notch root at
various loading rates, as typically shown in Fig.9. On
the metallographic sections of doubly notched speci-
mens with various loading rates, the remaining cracks
that mainly limited in ferrite grains with a length of
1040 um were found, which is located in a range of
X =0-80um close to notch roots. The most cracks
are located at notch tips (X=0), and some of them
is blunted, as typically shown in Fig. 10. In the range

No. V (mm/min) Py (KN) P¢/Pgy Xt (um) or (MPa) Fib (um)
4V13 1 41.16 1.39 891 - 470
4V04 1 43.86 1.49 170 - 98
Ave 1 42.51 1.44 531 - 284
4V18 60 32.59 1.03 96 1313 0
4V05 60 42.88 1.35 982 1312 0
4V30 60 32.34 1.02 0 1232 0
Ave 60 35.93 1.13 359 1286 0
4V11 120 35.28 1.07 476 1387 0
4V26 120 32.24 0.98 717 1291 0
Ave 120 33.76 1.03 597 1339 0
4V28 240 33.57 0.98 0 1221 0
4V03 240 32.93 0.96 1269 1244 0
4V21 240 34.89 1.01 0 1284 0
Ave 240 33.79 0.98 423 1250 0
4V19 360 29.79 0.84 0 1134 0
4V02 360 34.59 0.98 0 1233 0
Ave 360 32.19 0.91 0 1184 0
4V09 500 35.28 0.97 368 1505 0
4vO07 500 33.61 0.93 0 1241 0
4V29 500 26.85 0.74 0 1141 0
Ave 500 31.92 0.88 123 1296 0

No.: specimen number; V: loading rate; P¢: fracture load; Pgy: general yield load; X;: distance from cleavage origin to notch tip;

or: local cleavage facture stress; Fib: length of fibrous crack
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Table 4 4PB test results for the 41 specimens

No. V (mm/min) Pr (KN) P¢/Pygy X (um) or (MPa) Fib (um)
4124 1 32.10 1.06 853 - 94
4117 1 27.24 0.90 298 1390 0
4130 1 25.48 0.84 0 978 0
Ave 1 28.27 0.93 384 1184 31.3
4108 60 24.75 0.76 404 1451 0
4125 60 25.58 0.79 391 1484 0
Ave 60 25.16 0.78 398 1468 0
4131 120 17.64 0.52 0 1052 0
4127 120 13.62 0.40 0 984 0
4105 120 26.17 0.77 0 1110 0
Ave 120 19.14 0.56 0 1049 0
4109 240 21.07 0.59 330 1384 0
4126 240 21.95 0.61 195 1512 0
Ave 240 21.51 0.60 263 1448 0
4121 360 22.25 0.60 447 1102 0
4128 360 10.49 0.28 0 1089 0
4110 360 24.30 0.66 326 1690 0
Ave 360 19.01 0.51 258 1294 0
4112 500 10.49 0.28 0 1081 0
4129 500 11.66 0.31 1097 0
Ave 500 11.07 0.30 1089 0

No.: specimen number; V: loading rate; P¢: fracture load; Pgy: general yield load; Xs: distance from cleavage origin to notch tip;

or: local cleavage facture stress; Fib: length of fibrous crack

larger than 80 um away from the notch root, no remain-
ing cracks were found.

For the 41 specimens (in Table 3), in one specimen
with loading rate of 1 mm/min (4124), short fibrous
cracks (its average length, Fib, are listed in Table 3)
emanating from the notch root also occur before cleav-
age initiation. For all other specimens with various
loading rates, the fracture mode is cleavage, and the
cleavage initiation behavior is similar to the 4V speci-
mens. In some specimens with various loading rates,
the cleavages are directly initiated at the notch tips
(Xt = 0) (similar to Fig. 8). In the other specimens the
cleavages are initiated at various distances (X = 195-
447 um) ahead of notch roots at various loading rates
(similar to Fig.9). On metallographic sections of dou-
bly notched specimens with various loading rates, the
remaining cracks that mainly limited in ferrite grains
with a length of 10—40 um were also found in a range of
X = 0-80um close to notch roots. And the most cracks
are located at notch tips (X =0), as typically shown in
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Fig. 11. In the range larger than 80 um away from notch
root, no remaining cracks were found.

3.3.2 Results of microscopic observation for 3PB tests

The parameters measured from the 3PB tests for the
3V and 31 specimens are summarized in Tables5 and
6, respectively. The results are similar to the 4V and
41 specimens. The following ideas can also be summa-
rized from experimental observations and the data in
Tables 5 and 6:

For the 3V specimens in Table5, in one specimen
with the lowest loading rate of 1 mm/min (3V10), short
fibrous cracks (its average lengths, Fib, are listed in
Table 5) emanating from the notch occur before cleav-
age initiation, and the cleavage is initiated at a distance
from the fibrous crack tip ahead of the notch root. The
local cleavage fracture stress could not be measured in
this specimen due to the ductile tearing at the notch tip.
For all the 3V specimens with loading rates larger than
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Fig. 8 Typical fracture
surface showing cleavage
directly initiated at the notch
tip by a black arrow (a) for a
4Vspecimen at a loading
rate of V =360 mm/min,

(b) close look

Fig. 9 Typical fracture
surface showing cleavage
initiated at a distances X¢
ahead of notch root (a) for
a 4V specimen at a loading
rate of V =500 mm/min,
(b) close look

1 mm/min, the fracture mode is cleavage. In some spec-
imens with various loading rates, the distance Xy from
the cleavage-initiating site to the notch root is zero. In
this case the cleavages are directly initiated at the notch
tips, as typically shown in Fig. 12. In the other speci-
mens the values of Xy are in a range of 170-1380 um.
This means that the cleavages are initiated at various
distances ahead of notch root at various loading rates,
and it is similar to Figs.9 and 13.

For the 31 specimens (in Table 6), the fracture mode
of all specimens with various loading rates is cleavage,
and the cleavage initiation behavior is similar to the
3V specimens. In some specimens with various load-
ing rates, the cleavages are directly initiated at the notch
tips (X = 0) (similar to Fig. 8 and 12). In other spec-
imens the cleavages are initiated at various distances
(X =61-652 um) ahead of notch roots at various load-
ing rates, as typically shown in Fig. 13.
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Fig. 10 Typical ferrite
grain-sized remaining
microscopic cracks found at
survived notch tips of the
fractured doubly notched
specimens for 4V
specimens. (a) loading rate
V =500 mm/min, (b)

V =60 mm/min

Fig. 11 Typical ferrite
grain-sized remaining
microscopic cracks found at
survived notch tips of the
fractured doubly notched
specimens for 41 specimens.
(a) loading rate

V = 60 mm/min, (b)

V =240 mm/min

~ ,.l‘i [1_"_':::
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3.3.3 Measuring results of the local cleavage fracture
stress

The measuring values of the local cleavage fracture
stress of for the 4PB and 3PB specimens are listed
in Tables 3/4 and 5/6. Figure 14 shows the variation
of the of measured in 4V and 41 specimens (Fig. 14a)
and in 3V and 3I specimens ((Fig. 14b) with loading
rate V. The data marked by the solid symbols are the
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of values measured in the specimens with Xy = 0,
and that by the open symbols are the oy values in the
specimens with Xy # 0. All o7 values of the 4V, 41, 3V
and 31 specimens are in the same scatter range of 1000—
1500 MPa. This means that the local cleavage fracture
stress of does not essentially change with loading rate
V, notch geometry and loading mode (4PB and 3PB).
The ot values corresponding to X¢ = 0 are lower than
that corresponding to Xy # 0.
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Table S 4PB test results for the 3V specimens

No. V (mm/min) Ps (KN) P¢/Pgy X (um or (MPa) Fib (um)
3V10 1 14.95 1.10 167 - 188
3Vv23 1 14.70 1.08 104 1179 0
Ave 1 14.82 1.09 134 1179 94
3V17 60 17.15 1.18 292 1326 0
3VI2 60 15.93 1.10 1380 1112 0
3v27 60 16.42 1.13 235 1279 0
Ave 60 16.50 1.14 636 1196 0
3V0l1 120 15.88 1.07 0 1375 0
3V32 120 15.64 1.05 1151 1173 0
3V3] 120 15.48 1.04 387 1280 0
Ave 120 15.67 1.05 513 1276 0
3v22 240 15.00 0.98 170 1305 0
3Vi4 240 15.60 1.02 0 1140 0
Ave 240 15.30 1.0 85 1223 0
3V08 360 12.62 0.81 0 1065 0
3V16 360 16.97 1.09 415 1412 0
3V20 360 15.52 1.0 0 1274 0
Ave 360 15.04 0.97 138 1250 0
3Vv24 500 16.86 1.07 526 1418 0
3V25 500 16.15 1.03 182 1435 0
3VI15 500 15.80 1.0 1212 1208 0
Ave 500 16.27 1.03 640 1354 0

No.: specimen number; V: loading rate; P¢: fracture load; Pgy: general yield load; Xt: distance from cleavage origin to notch tip;

or: local cleavage facture stress; Fib: length of fibrous crack

4 Discussion

4.1 The critical event of cleavage fracture
in the 4PB specimens

The critical event, being the most important link in
a process of cleavage, means the most difficult step
among the three consecutive steps of a cleavage pro-
cess; i.e. a crack nucleation in a second-phase particle,
the just-nucleated crack passes through the boundary
between the second-phase particle and the matrix grain,
and the propagation of the grain-sized crack across the
grain boundary. The identification of the critical event
is very important for developing a realistic physical
model of cleavage fracture, understanding the nature
of the local cleavage fracture stress and the relation-
ship between toughness and microstructure of vari-
ous steels. From the late 1960s to 1980s, the critical
event of cleavage was considered as the propagation

of a second-phase particle-sized crack into the matrix
(Curry and Knott 1978; Hahn 1984). However, some
works (Mendiratta etal. 1996; Wang and Chen 1998;
Wall etal. 1994) found that while the normal tensile
stress ahead of a notch root, exceeding the critical local
fracture stress, be able to propagate a crack with criti-
cal size, the plastic strain is not yet necessarily to have
reached a critical value for initiating a crack nucleus.
It means that in some cases the crack nucleation still
behaves as a critical step for a cleavage process. There-
fore for producing cleavage both criteria, a critical plas-
tic strain (¢, > &pc) to nucleate a crack and a critical
normal stress (oyy > of) to propagate the just nucle-
ated crack should be reached. Thus a dual criterion
was suggested (Mendiratta etal. 1996; Wang and Chen
1998).

The characteristic feature of a critical event of crack
propagation controlled by tensile stress is that the cracks
limited in the microstructural domain that nucleated
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Table 6 4PB test results for the 31 specimens

No. V (mm/min) Pr (KN) P¢/Pgy X¢ (um) or (MPa) Fib (um)
3102 1 13.23 0.89 836 1040 0
3123 1 11.76 0.79 560 1180 0
Ave 1 12.50 0.84 698 - 0
3116 60 10.49 0.66 339 1358 0
3107 60 13.52 0.85 264 1453 0
3106 60 8.82 0.55 215 1316 0
Ave 60 10.94 0.69 273 1376 0
3115 120 8.14 0.49 0 974 0
3119 120 9.70 0.59 0 1013 0
Ave 120 8.92 0.54 6 994 0
3122 240 10.11 0.59 0 1080 0
3104 240 8.19 0.48 342 1118 0
Ave 240 9.15 0.54 171 1099 0
3101 360 10.50 0.60 169 1496 0
3103 360 7.45 0.42 0 1044 0
3120 360 13.05 0.74 61 1330 0
Ave 360 10.34 0.59 77 1290 0
3118 500 7.33 0.41 0 1026 0
3114 500 14.00 0.78 652 1146 0
3111 500 9.52 0.53 223 1549 0
Ave 500 10.28 0.57 292 1240 0

No.: specimen number; V: loading rate; Pt: fracture load; Pgy: general yield load; X;: distance from cleavage origin to notch tip;
ot: local cleavage facture stress; Fib: length of fibrous crack

Fig. 12 Typical fracture
surface showing cleavage
directly initiated at the notch
tip by a black arrow (a) for a
3V specimen at a loading
rate of V =360 mm/min, (b)
close look
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Fig. 13 Typical fracture
surface showing cleavage
initiated at a distances X¢
ahead of notch root (a) for a
31 specimen at a loading
rate of V =500 mm/min, (b)
close look

Fig. 14 The local cleavage (a) 1800 (b)1800
fracture stress oy of the 4V
and 41 specimens (a) and 3V 1600 1 : 16007 A 2
and 31 specimens (b) loaded 1400 F & 0 A 1400 g . N ¢
at various loading rates . ° ' . . o o 0 0
1200 . ' t 1200 o . 0 ' 2
£ 1000 f —= + & 1000 2 H ! 4
= =
& 8001 & 800
4 41, %=0 A 3|, Xf=0
600 r 5 4, X=0 600 A3l Xf=0
400 o 4V, X;=0 400 | ¢ 3V, Xf=0
0 =
200 ° 4V, X=0 200 8V X1=0
0 1 1 1 1 1 1 0 1 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
V, mm/min V, mm/min

but failed to propagate remain in a fractured specimen.
Doubly notched specimens are particularly appropri-
ate for observing the remaining cracks in front of the
surviving notch after the specimen is fractured at one
notch. Because when fracture occurred at one notch,
the critical condition was also reached in the vicinity of
the survived notch. That a crack remains in front of the
surviving notch means the tensile stress was not suffi-
cient to propagate the crack just nucleated. This shows
a tensile stress-controlling crack propagation mecha-
nism. However, the characteristic feature of a critical
event of crack nucleation is that no remaining crack
can be found in the corresponding range of cleavage
initiation sites (Xy) ahead of notch root in fractured
specimens.

For the steel in this work, the microscopic observa-
tions show that for some 4V and 41 specimens tested at
various loading rates the cleavages are directly initiated
at the notch tips (Xy = 0) (Tables 3 and 4, Fig.8), and
many remaining cracks limiting in ferrite grains were
also found at notch tips (X = 0) (Figs. 10 and 11). These
facts indicate that the critical events in these specimens
with Xy = 0 are mainly the propagation of a ferrite
grain-sized crack controlled by tensile stress. However,
for the 4V and 41 specimens with Xy # 0, the cleavages
were initiated in arange of Xy = 96—1269 um (4V spec-
imens in Table 3) and X¢ = 195-447 um (41 specimens
in Table4), and no remaining cracks were found in the
range (the corresponding range of cleavage initiation
site Xr) larger than 80 pm away from the survived notch
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root of the fractured doubly notched specimen. These
facts means that the critical events in these specimens
with X¢ # 0 are mainly crack nucleation controlled
by plastic strain. Therefore, two cleavage mechanisms
corresponding to two critical events of crack propaga-
tion and crack nucleation seem to compete in the high
stress and strain volume ahead of notch roots at differ-
ent loading rates tested. From Fig. 14, the lowest cleav-
age strength of those notch-root constituent (grains and
particles) is about 1000 MPa.

4.2 Effect of loading rate on the local cleavage
fracture stress

The effects of loading rate on or have not been com-
pletely validated. In previous works (Chen etal. 1990a,
b), ot values estimated from Charpy V impact test are
essentially the same as that measured by 4PB speci-
mens tested at quasi-static loading, thus it is considered
that the ot is nearly independent of loading rate. In a
recent work (Wang etal. 2004a), 4PB tests of notched
specimens loaded at various loading rates for low alloy
steels with different grain sizes were done, and the FEM
calculations were carried out. It was found that the mea-
sured of values do not change with loading rate, as
long as the critical event of cleavage fracture does not
change. The steels with fine ferrite grains have higher
of values and notch toughness, and the critical event of
cleavage fracture is the propagation of a ferrite grain-
sized crack.

In this work, the oy values are accurately measured
for a C—Mn steel by 4PB and 3PB tests and combin-
ing the FEM calculation of stress distribution ahead of
notches at various loading rates. The result in Fig. 14a
shows that the local cleavage fracture stress of does
not essentially change with loading rate V for the 4PB
specimens, and has a large scatter for this steel. Accord-
ing to the works in Ref. (Curry and Knott 1978; Chen
etal. 1997b), the or is mainly determined by the critical
event of the cleavage fracture. The analysis in Sect. 4.1
shows that for the 4PB specimens of the C—Mn steel,
two critical events of crack propagation (Xy = 0) and
crack nucleation (X #% 0) compete in the high stress
and strain volume ahead of notch roots at different load-
ing rates tested. While the loading rate varies, the two
critical events do not change, that is, the two cleavage
micromechanisms do not change. This can be consid-
ered as the microscopic reason for the independence of

@ Springer

the ot on loading rate in the 4PB specimens. For the 3PB
specimens, Fig. 14b also shows that the local cleavage
fracture stress oy does not essentially change with load-
ing rate V. Results of microscopic observation for 3PB
tests (Tables 5 and 6, Figs. 12 and 13) are very similar
to that for the 4PB tests. So it can be deduced that the
characteristics of critical events in the 3PB specimens
are the same as that in the 4PB specimens, and it also
does not change with the loading rate. This is the rea-
son for the independence of the of on loading rate in
the 3PB specimens.

4.3 Effect of notch geometry on the local cleavage
fracture stress

Tetelman etal. (1968) investigated the effect of notch
root radius on the local cleavage fracture stress of by
means of slip-line field analysis. They suggested that
when the root radius was larger than 0.254 mm, or may
vary with root radius, because of differences in stressed
volumes. The work of Lewandowski and Thompson
1986 shows that the oy of fully pearlitic microstruc-
ture was independent of notch root radius. Yan etal.
1993 evaluated the effect of the notch root radius on
ot by using FEM analysis and 4PB tests for fine-grain
and coarse-grain C—Mn steel. For both fine grains and
coarse grains, when the notch root radius increased
from 0.25mm to 1 mm, the stressed volume and frac-
ture load showed marked variations, but of remained
relatively constant. Cleavage fracture was related to the
elevation of normal stress ahead of the notch and of was
independent of the notch root radius. One of the authors
of this paper (Wang etal. 1999) investigated the effect
of notch depth and notch flank angle on o7 using FEM
analysis and 4PB tests. With increasing notch depths
and notch flank angle, the fracture load and “high stress
volume” showed marked variation, but oy remained rel-
atively constant. The cleavage fracture was related to
the elevation of normal stress ahead of the notch and
was controlled by the criterion oy, > of. The critical
event for cleavage fracture is the propagation of a fer-
rite grain-sized crack into the neighboring matrix and
was independent of the notch depth and flank angle. o
was determined by ferrite grain size with a statistical
variation. In this work, Fig. 14 show the 4PB and 3PB
specimens with two notch geometries have the same
of values at various loading rates. This means that the
notch geometry has no effects on the oy under different
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loading rates. The reason for this is also that the critical
events in the specimens with different notch geometries
do not change.

4.4 Effects of loading mode on the local cleavage
fracture stress

The local cleavage fracture stress or is commonly mea-
sured by loading notched specimens in 4PB mode
(Ritchieetal. 1973, Lewandowski and Thompson 1986;

Samant and Lewandowski 1997; Wang et al. 1999, 2003).

In this loading mode, the notch was purely bent and
only the maximum tensile stress for controlling the
cleavage fracture was produced on the notch plane, thus
the measurement of the of may be accurate. But when
a notched specimen is loaded in 3PB mode, there is a
shear force near the notch plane. This may influence the
measuring results of the of. So the case that the of was
measured by loading notched specimens in 3PB mode
can not almost be found in literature. In present work,
we measured the of by loading notched specimens in
two loading modes (both the 4PB and the 3PB). The
results in Fig. 14 show that the measured oy values by
the two loading modes are almost the same. This means
that the shear farce in the 3PB specimens has almost
no effect on the measuring results of the oy, and the
or can be measured by the simple 3PB tests. The data
in Tables 3/4 and 5/6 show that the fracture load P¢ of
the 4PB specimens is larger than that of the 3PB spec-
imens, but the load ratio P¢/Pgy at fracture for the two
specimens with the same notch geometry is almost the
same. The maximum normal stress distributions ahead
of the notches of the 4PB and 3PB specimens with the
same notch geometry are almost the same (Figs.4-7).
These show that the maximum normal stress distrib-
utions ahead of the notches at fracture are almost the
same for the 4PB and 3PB specimens with the same
notch geometry loaded in the two loading modes. This
further indicates that the cleavage fracture is mainly
controlled by the maximum normal stress, and the load-
ing mode has no effects on the oy. Therefore, the oy can
be measured by both 4PB and 3PB tests.

4.5 The scatter of the local cleavage fracture stress

According to Curry and Knott 1978, the of can be
related to the length Cy of a microcrack and to the
effective surface energy y by

of =[2Ey/m(1—v*)Col'/? (1)

where E is Young’s modulus, and v is Poisson’s ratio.
Usually the length Cy is related to the size of relevant
microstructural features. In previous studies on notched
specimens (p = 0.25 — 1mm, a =4.25mm, 6 = 45°)
of C-Mn steels (Yan etal. 1993; Wang etal. 1999),
many remaining microcracks were present within the
ferrite grains. According to Eq. 1, the ot is mainly deter-
mined by the sizes of the ferrite grains. The size dis-
tribution of ferrite grains causes the scatter of the mea-
sured of.

In the present study, the another reason for the larger
scatter of or in Fig. 14 is the different critical events
in different specimens. When a notched specimen is
loaded, a high stress and strain area will be established
ahead of the notch root. With increasing the applied
load P/Pyy, the stress and strain ahead of the notch root
are increased, and a weakest constituent (ferrite grain
or pearlite colony with a large size and large second
phase particles (Chen etal. 1990a; Wang etal. 2004b))
may be sampled at the notch tip and a microcrack may
be nucleated at the notch tip due to the highest plas-
tic strain there. If the normal stress oyy at the notch
tip reaches the critical fracture stress of to propagate
the just nucleated crack (oyy > of), cleavage fracture
occurs. In this case, the critical events are crack prop-
agation, and the cleavages are initiated at the notch
tip (Xf = 0). The measured oy values marked by the
solid symbols in Fig. 14 are in a lower scatter range
of 1000-1250 MPa, and this lower boundary oy value
represents the real local cleavage fracture stress of the
steel, and it is mainly determined by the size of the
ferrite grain (the microcrack length). The correspond-
ing notch toughness characterized by the P¢/P,y data in
Tables 3—6 will be low. If a weakest constituent could
not be found at the notch tip, with increasing the applied
load P/Pgy the stress and strain ahead of notch root are
further increased. The high normal tensile stress ahead
of the notch root may exceed the real critical local frac-
ture stress or, be able to propagate a crack with critical
size, but the plastic strain may not have reached a crit-
ical value for initiating a crack nucleus. Therefore, in
order to produce fracture the load needs to be further
increased to increase the plastic strain. When the plastic
strain &, is increased to a critical value & for initiat-
ing a crack nucleus (gp > &), fracture occurs. In this
case, the critical events are crack nucleation, and the
cleavages are initiated at a distance from the notch root
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(Xt # 0). The measured oy values marked by the open
symbols in Fig. 14 are in a higher scatter range of 1250-
1500 MPa, and they are the normal stress at the cleav-
age initiation sites. The corresponding notch toughness
characterized by the P¢/Pgy data in Tables 3—6 will be
high. In essence, the size distribution of the weakest
constituent (ferrite grain or pearlite colony with large
sizes and large second phase particles) causes the scat-
ter of the measured ot and notch toughness of the steel
(Chen etal. 1990a, 1997a).

From the discussions above, it could be found that
the local cleavage fracture stress oy is closely related to
the cleavage fracture mechanism (critical events). The
or values do not change with loading rate, notch geom-
etry and loading mode, as long as the critical event
of cleavage fracture does not change at various test-
ing conditions. The of is mainly determined by the
steel microstructure, and it can characterizes intrin-
sic toughness of steels and may be used in a “local
approach” model for assessing integrity of flawed
structures.

5 Summary

The local cleavage fracture stress or is regarded as a
decisive factor controlling cleavage fracture and tough-
ness of various steels. It is considered to be nearly inde-
pendent of test temperature, and is taken as a fracture
parameter connecting the macroscopic fracture tough-
ness with the steel microstructure. The results in this
work combined with previous studies (Wangetal. 1999,
2001, 2003, 2004a, 2004b, 2005) by the authors show
that the local cleavage fracture stress or is closely
related to the cleavage fracture mechanism (critical
events) in steels. The or values do not change with load-
ing rate, notch geometry and loading mode, as long as
the critical event of cleavage fracture does not change
at various testing conditions. The oy is mainly deter-
mined by the steel microstructure, and its scatter is
mainly caused by the size distribution of the weak-
est constituent in steels (ferrite grain or pearlite colony
with large sizes and large second phase particles) and
the change of the critical events in cleavage process.
The ot can characterize the intrinsic toughness of steels
and may be used in a “local approach” model for assess-
ing integrity of flawed structures. The o¢ values could
be measured by both 4PB and 3PB tests.
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