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ABSTRACT

It has been well known that ductile fracture of steels is accelerated by triaxial stresses. The characteristics of ductile
crack initiation in steels are evaluated quantitatively using two-parameters criterion based on equivalent plastic
strain and stress triaxiality. It has been demonstrated by authors using round-bar specimens with circumferential
notch in single tension that the critical strain to initiate ductile crack from specimen center depends considerably on
stress triaxiality, but surface cracking of notch root is in accordance with constant strain condition. In order to
evaluate the stress/strain state in the specimens, especially under dynamic loading, a thermal, elastic-plastic, dy-
namic finite element (FE)analysis considering the temperature rise due to plastic deformation has been carried out.

This study provides the fundamental clarification of the effect of strength mismatching, which can elevate plastic
constraint due to heterogeneous plastic straining, loading mode and loading rate on critical condition to initiate
ductile crack from notch root using equivalent plastic strain and stress triaxiality based on the two-parameter crite-
rion obtained on homogeneous specimens under static tension. The critical condition to initiate ductile crack from
notch root for strength mismatched bend specimens under both static and dynamic loading would be almost the same
as that for homogeneous tensile specimens with circumferential sharp notch under static loading.
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1. Introduction

The weld joint often has characteristics of the strength mismatch in general steel structures. Plastic constraint and
strain rate are considered to have complicated effects on the initiation behavior of ductile crack as well as deforma-
tion behavior of materials in the strength mismatching part under the dynamic loading condition such as earthquakes
[1, 2]. The important characteristics of this earthquake were the occwrrence of brittle failures of steel structures under
high speed ground motion (104 kine (cm/s)) and significant ground displacement (27 cm) [1-4].

Therefore, it is important to ehicidate initiation condition and dominate factor of ductile crack and to establish a
general criterion to conduct safety assessment in the steel structire with strength mismatch under dynamic loading.
In order to discuss possibilities of brittle fractures after large scale deformation in earthquakes, it is important to
clarify ductile fracture initiation and propagation. Furthermore, when considering the behavior of welded joints
under seismic loading, the effect of strength mismatch and dynamic loading on the fracture behavior of the connec-
tion zones has to be studied. In the present paper, attention was given to the critical evaluation of ductile fracture
initiation in the connection zones of steel framed structires under seismic loading, taking into acconnt the combined
effects of strength mismatch and dynamic loading.

An estimation of ductile crack initiation, however, would have a difficulty in the case that the ductile cracking
would occur from the swrface of geometrical stress/strain concentration region with strength mismatch, which €l-
evates the plastic constraint. To apply the initiation condition of ductile crack using two-parameter to the critical
assessment of ductile crack initiation in actmal stmictures as a general criterion, it remains to the subject to clarify the
initiation condition of ductile crack from the surface of steel structures with strength mismatch near the geometrical
discontinuity part like welded joint [5, 6].

This study provides the fundamental clarification of the effect of strength mismatch, which can elevate plastic
constraint due to heterogeneous plastic straining, loading mode and loading rate on critical condition to initiate
ductile crack from notch root using two-parameter. The behavior of ductile crack mitiation from pre-notch root and
effect of strength mismatch were investigated by bending test using charpy type specimens. Moreover, in order to
evaluate the ductile crack initiation behavior in the specimen under static and dynamic loading, thermal, elastic-
plastic, dynamic FE-analysis considering the temperature rise due to plastic deformation has been carried out. Fi-
nally, it is shown that the condition for ductile crack initiation using the two parameters equivalent plastic strain and
stress triaxiality is a transferable criterion for ductile crack initiation from surface of pre-notch root.

2. Experimental Method
The weld joint with strength mismatch was made by €lectro gas welding nsing welding wire for S0kgf class steel
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and HTS0 steel of plate thickness 22mm as a base metal. A weld- Table 1 Welding condition for EGW.
ing condition and chernical composition of the base metal are shown Electro Gas Arc Welding (EGW)

in Table 1 and 2, respectively. A vickers hardness distribution of a Wire Weld heat inpdt
near of welded joint in plate thickness central part are shown in
Fig. 1. The nominal stress-nominal strain curves obtained from
tensile tests_ of smooth rounc.l—bal.' for homoge- Table 2 Chemical com
neous specimens are shown in Fig. 2. The me-
chanical properties of the weld metal and base
metal are given in Table 3. This welded joint is HTa0f 0.10)o.26] 0.es fo.oo4onoz| 023 1.16 |0.49| 0.47 |o.os7|on1e| 0o |o.ods|o.0014 0.50) 0.25
a strength mismatched joint with strength ratio
of yield stress (SH(¥)) and tensile strength (SH(7))
is about 1.7 and 1.3, respectively.

In order to assess the criterion for ductile Table 3 Mechanical properties of weld metal and base metal used.
cracking of weld metal, round bar tensile speci-
mens with and without circumferential notch in
weld metal presented inFig. 3 were used. Round  |Base metal (EM)] 848 887 95 80 | 308
bar tension specimens with diameter of 10mm  [yweld metal (WM].I 500 554 74 167 1.20 114 | 220
were used. The radius of curvature of the notch B0 0.2% proof stress, ®p : Tensile strength, YR - Yield to tensile ratio =, /2,
root R=0.1mm specimen(T-R0.1) was employed  sr{y): 5, BM= WM Sr(T) -5 BM= WM & Uniform elongation,
by author’s experiment result[7, 8, 9] which El. : Elongation (G.L =12mm, Dia.=mm]
expected the ductile crack iitiation of surface of pre-notch. In addition to smooth round bar tensile specimen with a
diameter of 6mm, in order to investigate of ductile erack initiation from center two types of circumferentially notched
tensile specimens with different radins of curvature R of the notch root-T-R1 and T-R2 denotes the specimens with
radins of curvature R—1 and 2mm respectively-which have the same diameter of 6mm in minimum cross section in
all specimen were employed. The characteristic of ductile erack mitiation from surface of pre-notch root and effect
of strength mismatch were investigated using a charpy type bend specimen with sharp V type notch, comparison
with characteristics of ductile crack mmitiation for homogeneous specimen (weld metal). Figure 4 presents the con-
figuration of 2 kinds of three-point bend test specimens used. One is a strength mismatch specimen in which a notch
tip is located in fiision line of welded joint and another is a homogeneons specimen with a notch in the center of weld
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metal. These specimens have throngh-thickness notch with a radius of enrvature of notch root R—0.25mm. Duectile
crack initiation behaviors were observed center and surface of pre-notch of specimens by carried out unloading tests
at a particular loading levels-cross section and duectile eracking surface of the specimens which were fractured in
brittle manner after unloading and cutting at mid-thickness.
3. Criterion for Ductile Crack Inifiation Obtained by Small Scale Tensile Specimens for Homogeneous Mate-
rial
A ductile crack initiation behavior was observed using round bar specimens with and without eircumferential
notch in weld metal under static loading. Critical condition for ductile crack initiation of weld metal was addressed
using two-parameter which are equivalent plastic strain and stress triaxiality obtained by FE-analysis.

3.1 Ductile crack mitiation behavior of homegeneous materials

For all specimens shown in Fig. 3, tensile tests were carried out under cross head displacement speeds of 0. lmmy/
s (static loading) at room temperature. The experimental equipment was a servo-hydraulic high loading rate tension
test machine. Moreover, continnous change in the minimum diameter of necked region or notch root and crack
nitiation behavior for all types of specimen were observed and recorded by digital microscope of 25 magnifications
with facilities of 13mm depth of field. In addition, tensile tests were
carried out at cross head displacement speeds at 0. 1mimy/s (static load-
ing) to 100mm/s (dynamic loading) at root temperature in order to
get characteristic of mechanical properties for elastic-plastic, dynamic
FE-analysis. The temperature rise was measured by a copper-con-
stant thermocouple which was attached to the central region of a
homogeneous round-bar specimens. Furthermore, the same experi-
ment was carried out for base material (HT §0).

The specimens after fracture exhibited typical “cup and cone™
type fracture and equiaxed dimples were observed in the T-smooth,
T-R2 and T-R1 specimens central region of the fracture surface. In
addition, an inflection point in the load/displacement enrve appeared
just before final ductile failure in T-smooth, T-R2 and T-R1 speci-
mens same as before report. Just after the inflection point, the speei-
mens fractured accompanied by rapid load-decrease. Ductile erack
initiation behavior was observed using scanning electrone micro-
scopes (SEM) at longitudinal cross-section in the vicinity of center
of a specimen which wastnloaded just before and just after the above
inflection point. Figure 5 shows an example of a T-R2 specimen,
which was just unloaded after the inflection point, as shown in the
figure. The microscopic observations suggest that ductile cracking
initiates from the growth and coglescence of micro-voids generated
between large scale voids in the vicinity of the central of the neclking
region. Similar results were also observed in both the T-smooth and
the T-R1 specimens. According to this observation, the rapid un-
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Fig. 5 Ductile crack initiation behavior of
T-R2 specimen under static loading,
0.1mm/s.

loading just before final ductile failure oceurs due to the appearance £ o =
of a ductile macro crack in the central region of the specimen and & oo

subsequent rapid ductile crack propagation to the specimen surface f . i [ Mt g ot
[6]. Consequently, in the present study, ductile crack initiation from % 400 ! J * “:;::::mm
specimen center was defined as the loading level when the inflee- 2 T

fu] PUUTETOIT T
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tion point was observed in load £ - cross head displacement Dy
curve. On the other hand, T-R0.1 specimen was unloaded at certain
loading levels before final fracture in order to observe the crack ini-
tiation in pre-notch root surface. Fig. 6(b), (¢) shows ductile crack
nitiation behaviors of the T-R0.1 specimen at unloaded level 1 and
2 corresponding to the loading level in true stress-true strain eurve,
as shown in Fig. 6(z). From these observations, the duetile eracking
was not found in the specimen inside, but initiated from the surface
of the notch root, in direction of an angle of about 45 degree against
tensile axis. In addition, the ductile crack surface about crack length
50mm in level 2 was inelnded the shallow extension dimple in shear
mode. As well as, the difference between the group of T-smooth, T-
R2 and T-R1 specimens and that of T-R0.1 specimen is observed in
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the ductile crack initiation position and the mode of micro-voids growth ; the former is in specimen center with
equiaxed mode growth and the letter in specimen surface of pre-notch root with shear mode growth.

3.2 Condition for duetile crack initiation by using FE-analysis

FE-analyses were conducted for the tested round-bar specimens in order to address a stress/strain field of the
specimen inside where the duetile crack initiation was confirmed. The FE-models of the present analyses have the
same shape and size as the specimens used in experiments. The thermal, elastic-plastic analysis was performed to
simmlate both the charge in the stress/strain relation and the temperature rise under dynamic loading. The calenlation
taking to account both heat conduction and elastic-plastic stress analysis, was carried out using the finite element
method as implemented in the code ABAQUS version 5.8 [10, 11].

Critical condition for duectile crack mitiation of weld metal was estimated using the history of & and s,/ 3, the
relation obtained by FE-analysis as shown in Fig. 7. The critical values of the ductile crack initiation were evaluated
by comrespondence of true strain (egye ) in experiment and FE-analysis. In the case that the ductile crack oceurs at
specimen surface, the critical strain level is defined when ductile crack length of about S0mm is observed strain level
(at level 2 in Fig.o(a)).

The equivalent plastic strain of T-smooth, T-R2 and T-R1, for which )

ductile crack initiation occurs in the center of specimen, depends  lo® EStatiZt(%ij mis) {C_rit_e_riqnfor ductile craok]
largely on the stress triaxiality and decrease with increasing of stress £ 15k initiation of weld metal
triaxiality s,/ 5. Onthe other hand, in T-R0.1 specimen thataduc- % [ T-R0 1 romogeneous
tile crack occwred from surface of pre-notch root, the stress % [ T-Smooth
triaxiality is almost constant in the history of the Z;*%s,,/ 5 rela- 2 1 -
tion. The critical value in surface of pre-notchroot is not existon i
the curve of criterion for ductile erack mitiation from center, but g 05F
show the different lower value comparison with ductile erack ini- '3 [ T-R1

I-u L il

tiation from center. From these observations, these results are same TR YRR | i
as anthors result [9], in which get from round bar tensile test. More- %-3 06 09 12 15 18
over, it is necessary that the different condition for ductile erack ] S.tress t”ax'a!'ty’ S/ =
initiation from surface of pre-notch root established for the ductile ~ ¥ig. 7 Criterion for ductile crack iitiation
crack initiation from surface of pre-notch root was different the g;gg{lm:glsr%fvzl ; l{lnlitacl;‘enter of
ductile crack initiation from center.

4. Effect of Strength Mismatch on Critical Condition for Ductile Crack Initiation from Pre-notch Root Sux-
face in Bend Specimens
Ductile crack initiation behavior and critical conditions in terms of two-parameter eriterion for the specimens with
strength mismatch near the noteh was discussed by conducting the bending tests and FE -analyses.

4.1 Effect of strength mismateh on ductile crack initi-ation behavior under static and dynamic loading

Figure 8 shows of the relation between load, P and displacement of eross head, Dy and the observation of near the
pre-notch root at mid-thickness after imloading for the homogencous specimen under static loading by SEM (scan-
ning electron microscope). Ductile cracking, which appeared up to the maximumn load, occwrred from the swrface of
pre-notch root. The ductile crack of which length is about 50mm occwred along large shear band at loading level 1
and grows large as shown in the micrograph at loading level 2, in direction of an angle of about 45 degree against
tensile axials. It has been shown that the ductile crack initiation behaviors would not be influenced by loading mode,
as made clear in comparison with those for the tensile specimen T-R0.1.

The effect of strength mismatch on ductile crack initiation behaviors inder static and dynamic loading were exam-
ined. Figure 9 shows the relation of P-D,, and the SEM observation results near the pre-notch root tip at the middle
section of unloading mismatch specimen under dynamic loading. Ductile erack initiation behavior, that is initiation
from the pre-notch root surface along shear band in weld metal, is the same as the result of static load. In addition,
displacement of cross head, when observed the ductile erack length about SOmm, for homogeneous and mismatch
specimen are about 1.7mm and 1.4mm in the dynamic loading. There seem to be no great difference in the ductile
crack initiation behaviors between homogeneous and mismatch specimen under both static and dynamic loading.

4.2 Numerical analysis

The stress/strain behaviors in the homogeneons and mismatch specimen were analyzed by coupled heat condue-
tion and elastic-plastic FE-analyses using the same method as those of round-bar specimen in Chapter 3. Figure 10
shows the mesh division used in this analyses. It has same size and shape as bend specimens tested. 8-node isoparametric
element is used in this model. Minimum size of element near the pre-notch tip is 0.02+ 0.03+ 0.5mm. The initial
position of the pre-notch root for the model of mismatch specimen was determined by comparing the deformation
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Fig. 8 Ductile crack initiation behavior of Fig. 9 Dugctile crack initiation behavior of
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behavior obtained by FE-analyses and experiments * *the pre-notch
root was located at distance 0.24mm from fusion line in the weld metal. .

Jig used in the actual testing is also modeled as a rigid body, and ap- B T
plied displacement controlling load. The load and applied displace- - e
ment curves for homogeneous and mismatch specimen under both static
and dynamic loading were well consistent with experimental results.

4.3 Effect of strength mismatch on critical condition for ductile crack
initiation under static and dynamic loading

The eritical conditions of ductile erack initiation, which was defined
when the crack with length of 50mm from notch root was observed, Fig. 10 Mesh division of 3-point bend
were estimated using two-parameter, that is equivalent plastic strain specimen used for FE-analysis.

g, and stress triaxiality s,,/ 5. Figure 11 shows the history of ;¢

&1 & the relation at ductile crack mitiation for surface of pre-notch root in maximum strain element for homoge-
neous and strength mismatch bend specimens under static loading. There is no effect of strength mismatch in the
history of Z;*%5,,/ 5 the relation, and the critical value for strength mismatch specimen has slightly lower value than
that for homogeneous specimen, however, they are almost same. In addition, these results ware same as round bar
tensile test result as surface ductile crack initiation type. Furthermore, in comparison with the criterion obtained with
tensile specimens, they are not on the critical curves for the specimens with ductile cracking from center but on the
critical value for T-R0.1 specimen with surface crack initiation. Also in the case of dynamic loading, the similar
results were given and no effect of strength mismatch on eritical condition for ductile cracking from the surface of
pre-notch root was observed as presented in Fig. 12. Consequently, it was demonstrated that two-parameter criterion
would be applicable to the ductile cracking from surface of pre-notch root in strength mismatch specimen under both
static and dynamic loading by conducting the coupled heat conduction and elastic-plastic FE-analyses. And they
would be in accordance with constant plastic strain condition as a surface cracking type of specimen.

5. Conclusions

The criterion for ductile crack initiation from notch root of bend specimens with strength mismatch under static,
criterion. It was demonstrated that two-parameter criterion would be applicable to the ductile cracking from notch
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Fig.11 Condition for ductile cracking using two Fig. 12 Condition for ductile cracking using two
parameters, & and s,/ 5 , for homogeneous parameters, & and =,/ 5 , forhomogeneons
and mis-match specimens under static and mis-match specimens under dynamic
loading. loading.

root in strength mismateh specimen also in the case of dynamic loading by conducting the coupled heat conduction
and elastic-plastic FE-analyses employed in this stndy. Moreover, they would be in accordance with constant plastic
strain condition as a surface eracking type of specimen under both static and dynamic loading.

These results implies that, if the critical condition for duetile crack initiation for the steel will be given by conduct-
ing tensile tests and FE-analyses for round-bar specimens, the critical applied load with respect to ductile cracking of
steel stmetires with strength mismatch under different condition of loading mode and loading rate can be evaluated
by carrying out only this coupled thermal elastic-plastic FE-analysis by applying the two-parameter criterion.
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