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Effect of Geometrical Discontinuity on Ductile Fracture
Initiation Behavior under Static Loading

G. -B. An, M. Ohata and M. Toyoda

Abstract

It is important to evaluate the fracture initiation behaviors of steel structure.

It has been well known that the ductile

cracking of steel would be accelerated by triaxial stress state. Recently, the characteristics of critical crack initiation of
steels are quantitatively estimated using the two-parameters, that is, equivalent plastic strain and stress triaxiality,

criterion.

This study is paid to the fundamental clarification of the effect of notch radius, which can elevate plastic constraint
due to heterogeneous plastic straining on critical condition to initiate ductile crack using two-parameters. Hense, the
crack initiation testing were conducted under static loading using round bar specimens with circumferential notch. To
evaluate the stress/strain state in the specimens was used thermal elastic-plastic FE-analysis.

The result showed that equivalent plastic strain to initiate ductile crack expressed as a function of stress triaxiality
obtained from the homogeneous specimens with circumferential notched under static loading. And it was evaluated that
by using this two-parameters criterion, the critical crack initiation of homogeneous specimens under static loading.

Key Words : Ductile crack initiation, Static loading, Stress triaxiality, Equivalent plastic strain.

1. Introduction

Brittle failure of high toughness steel structures tends
to occur after ductile crack initiation/propagation. The
damage of steel structures in the Hanshin Great
Earthquake has been reported in references '. Several
brittle failures were observed in the beam-to-column
connection zones where there exists geometrical
discontinuity. In some of them, brittle fracture occurred
after large scale plastic deformation associated with
ductile crack initiation and extension from stress/strain
concentrators.

It is important to estimate ductile crack initiation and
propagation followed by brittle fracture. On the basis of
ductile crack initiation behavior, the ductile cracking
controlling mechanical parameters were expressed in
terms of two parameters, that is equivalent plastic strain
£ > and stress triaxiality 0, /G, based on void growth
mechanism®. It has been shown by experiments using
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circumferentially notched specimens that the critical
strain for ductile fracture initiation was decreased with
increasing stress triaxiality associated with notch acuity™
0 A quantitative evaluation of ductile fracture initiation
has been developed using the two-parameter criterion’?.

The present study focuses on the fundamental
clarification of the effects of geometrical heterogeneity
on the critical condition to initiate ductile fracture. The
main attention was paid to the applicability of the two-
parameter criterion to the estimation of ductile cracking
for homogeneous specimens under static tensile loading
condition. Ductile crack initiation testing was conducted
under static loading using circumferentially notched
round bar specimens with / without. Moreover, in order
to evaluate the stress/strain behavior in the specimen
under static loading with high accuracy, thermal
elastic—plasti¢ FE-analyses were carried out. It is shown
that the condition for ductile crack initiation using the
two parameters, that is equivalent plastic strain and stress
triaxiality.

2. Experimental methods

Round bar tensile specimens with diameter of 10 mm
were used. In the homogeneous specimens two types of
circumferential notch shown in Fig. 1 were employed to
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Table 1 Chemical composition of H750 steel used.

Steel| C Si | Mn P S Cu | Ni

Cr

Mo | V Ti | Nb | Al P

HT50] 0.17 | .031 | 1.48 |0.011[0.002| - -

0.016f - |0.43]0.25

Ceq=C+Mn/6 + (Cr + Mo + V)/5 + (Cu + Ni) /15

Pen = C +51/30 + Mn/20 + Cu/20 + Ni/60 + Cr/20 + Mo/15 + V/10 +5B

D=¢10 (Unltmm)
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Fig. 1 Configuration of round-bar tensile specimens with
geometrical heterogeneity
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Fig. 2 Nominal stress ¢ — nominal strain e curve for
homogeneous specimen under static loading, 0.1 mm/s

quantify the effect of stress triaxiality on ductile cracking
behavior. These specimens were extracted from HTS0
plate.

Table 1 shows the chemical composition of the HT50

steel used. The nominal stress—nominal strain curve for
HT50 steel is shown in Fig. 2. The mechanical properties
of the AT50 steel is summarized in Table 2.
Tensile test were carried out at cross head displacement
speeds at 0.1 mm/s (static loading) at room temperature.
The experimental equipment was a servo—hydraulic
high loading rate tension test machine.

52

Table 2 Mechanical properties of steel used

Swel | O | Or | YR | & [ EL | RA
(MPa) | (MPa) | (%) | (%) | (%) | (%)
HT50 | 298 | 522 | 57 | 141 | 308 | 68

Oy : Lower yield stress

O : Tensile strength

YR : Yield-to-tensile ratio (Oy / Oy )

€7 Uniform elongation

EL : Elongation (G. L. = 40mm, Dia. = 10mm)
RA : Reduction in area

S, (Y): O, o, HT50

S,(T): Oy HT80 o, HT50

3. Ductile crack initiation
behavior of homogeneous
specimens under static
loading

The ductile crack initiation behavior of a
homogeneous (HT50 steel) round bar specimen
with/without circumferential notch under static loading is
shown in Fig. 3. ,

An inflection point in the load—displacement curve
appeared just before final ductile failure in all specimens.
Just after the inflection point, the specimens fractured
accompanied by rapid load-decrease. The specimens
after fracture exhibited typical cup and cone type fracture,
and equiaxed dimples were observed in the central
region of the fracture surface.

Ductile crack initiation behavior was observed using
scanning electron microscope (SEM) at longitudinal
cross-section in the vicinity of center of specimens which
were unloaded just before and after the inflection point.
Fig. 4 shows an example for R2—type specimen which
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Fig. 3 Load P—cross head displacement Dy curves
obtained by tensile tests for smooth and circumferentially
notched specimens under static loading, 0.1 mm/s
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Fig. 5 Effect of notch radius R, on ductile crack initiation
strain (e, );, in homogeneous H750 specimens

was unloaded just after the inflection point as shown in
the figure. The microscopic observations show that
ductile cracking occurs associated with growth and
coalescence of large number of micro-voids generated
between large scale voids in the vicinity of the center of
the necking region. Similar results were also observed in
smooth and R1—type specimens. According to this
observation, the rapid load reduction just before final
ductile failure is supposed to result in ductile cracking in
the central region of the specimen, and subsequent rapid
ductile crack propagation to the specimen surface leads
to final failure. Consequently, in the present study,
ductile crack initiation was defined to occur at the
inflection point observed in the load P versus cross head
displacement Dy curves.
Fig. 5 shows the critical strain (e,,..); (= average true
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Fig. 4 Ductile crack initiation behavior of R2 specimen
under static loading, 0.1 mm/s

strain in the net section) at ductile crack initiation
obtained from specimens with various circumferential
notches. The critical strain for ductile crack initiation is
affected by stress triaxiality, and the critical strain
becomes smaller with decreasing radius of notch root.
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4. Applicability of two-
parameter ductile cracking
criterion to homogeneous
specimens under static
loading in single tension

The dependence of triaxial stress state on ductile crack
initiation in materials has been widely expressed by
using two parameters, equivalent plastic strain and stress
triaxiality*'?. This is because of that the ductile cracking
from inter-specimen under single tensile loading is
generally controlled by voids behaviors of which growth
is theoretically derived to be enlarged by high stress
triaxiality”. The authors have been paid attention to the
transferability of local mechanical condition for ductile
cracking using two parameters obtained by homogeneous
specimens with/without notch subjected to single tension
to ductile cracking estimation for the other specimens
which give different triaxial stress state).

4.1 Numerical analysis

In order to estimate the mechanical condition to
initiate ductile crack, stress and strain state in the local
area of specimens in which ductile cracking occurred
should be precisely estimated, because stress / strain
distribution in the minimum cross section would not be
constant in homogeneous tensile specimen. The FEM
was used for analyzing the stress/strain state in the
specimen.

The FE—analysis taking into account heat generation
and conduction was carried out using the finite element
code ABAQUS version 5.8'". In this coupled thermal
elastic-plastic FE—analysis, 90% of the plastic work
generated was assumed to be converted into heat
followed by temperature rise'>'®. The physical
properties shown in Table 3 were used for heat
conduction and thermal-stress analysis.

The all specimens used in the experiments were
modeled with axi-symmetrical four-node isoparametric
elements. Fig. 6 shows the examples of mesh division for
smooth homogeneous specimen and notched specimen
(R2). The minimum mesh size is 0.03 mmx0.03 mm at
the cross-section in the middle of all specimens. Large
deformation considering nonlinear geometric properties
are adopted in this analysis.

Axi-symmetrical FE-model (1/2 moldel) (UNIT : mm)

y 9
3

Me—20—k—20 37
Detail of A

YyYvyy

JIIUUT

Y ; X
Homogeneous Homogeneous
(Smooth specimen) (R2 specimen)

Fig. 6 Mesh division of models used for FE—analysis

The results of FE-analysis are compared with
experimental data in Fig. 7, for smooth homogenous
specimen under static loading (0.1 mm/s). The analyzed
global deformation behavior, that is nominal
stress—nominal strain relation to failure give good
agreement with the experimental results. Consequently,
FE—analytical method employed in this study can
accurately provide local stress—strain state in the
specimen under static loading.

Table 3 Material constant used for coupled thermal elastic — plastic FE-analysis

Steel E (Gpa) v

¢ (J/’kg'’K)

p (kg/mm’) K (m? /s) B (1/K)

HTS0 206 0.3

4.8 x 10

8.0x10° 2.17x 107 1.2 x10%

E : Young's modulus
¢ : Specific heat
K : Heat conductivity

v : Poisson’s ratio
p : Density
B : Cofficient of heat
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Fig. 7 Comparison of experimental and numerical
nominal stress & — nominal strain £ curves in
homogeneous specimen under static loading, 1mm/s

4.2 Critical condition for ductile crack
initiation in specimens with
geometrical discontinuity under static
loading

The critical condition for ductile crack was ex amined
using FE—analysis of homogeneous round-bar
specimens (HT50 steel) with/without circumferential
notch under static loading (0.1 mm/s). Fig. 8 shows the
distribution of equivalent plastic strain & p and stress
triaxiality o, /6 (o,
equivalent stress) along the net section of R2 specimen at
the critical stain level ((e,.); = 60%) for ductile crack
initiation. The stress triaxiality is maximal in the center
of the specimen, on the contrary equivalent plastic strain
is the largest in the surface of the notch root. However,
both the equivalent plastic strain and the stress triaxiality
are almost constant in the vicinity of the specimen center
where ductile crack nucleated.

The critical conditions for ductile cracking should be
estimated by using local mechanical parameters at which
ductile cracking occurred Using
FE—analytical results and comparing experimental
results, the relationship between equivalent plastic strain
3 » and stress triaxiality o,/G in the center of
specimen when ductile crack initiated was plotted for
smooth, R2 and R1 type specimens. As shown in Fig. 9,
the local critical equivalent plastic strain ( €, p Jor 1S
decreased with increasing of the stress triaxiality o, /&
accompanied by notch acuity. This local condition for
ductile cracking using two parameters, that is critical
equivalent plastic strain as a function of the stress

: mean stress, o : Von Mises

in experiments.
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triaxiality just fitted by equation (1), would be expected
to be a criterion for ductile crack initiation.

€,=a+b-exp(—< 0,/5 ) 1)

where, a (=0.1), b (=4.82) and ¢ ( = 1.92) are constants.
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Static (0.1mmmvs) R2 Specimen | )
lp o
\E L .E
b r -
5! e
£ 1 s
K] € [=3
= r ave 2IN(Ag/A) =
i 0.5 [ BaveintA ’_0.55
o g
w0 at (e, )=60% ] uE’J,
1] P A R T .
0 1 2 3

Distance from specimen center, r (mm)

Fig. 8 Distribution of equivalent plastic strainand stress
triaxiality in the minimum cross-section of specimen at
under static loading, .
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Fig.9 Condition for ductile cracking using two
parameters equivalent plastic strainand stress triaxiality,
for steel under static loading, .

5. Conclusion

This study was mainly paid attention to the
transferability of local mechanical condition for ductile
cracking using two parameters, that is equivalent plastic
strain £, and stress triaxiality o, /&, obtained by
homogencous specimens with / without notch subjected
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to single tension to ductile cracking estimation under
static loading. Tensile tests under static loading was
conducted on round bar specimens which have different
plastic constraint by circumferential notch. In order to
address the local stress-strain state in the specimens for
estimating local ductile crack criterion, numerical
calculations based on coupled thermal elastic-plastic
FE—analyses were carried out. It was substantiated that
local critical condition for ductile crack initation for
homogenous specimens under static loading were
estimated using two parmeter based on equivalent plastic
strain and stress triaxiality.
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