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Abstract

An experimental investigation of the rupture mechanisms in a mid-strength and a high-strength steel were conducted
employing a novel test configuration. The specimen used was a double notched tube specimen loaded in combined tension
and torsion at a fixed ratio. The effective plastic strain, the stress triaxiality and the Lode parameter were determined in the
centre of the notch at failure. Scanning electron microscopy of the fractured surfaces revealed two distinctively different
ductile rupture mechanisms depending on the stress state. At high stress triaxiality the fractured surfaces were covered with
large and deep dimples, suggesting that growth and internal necking of voids being the governing rupture mechanism. At
low triaxiality it was found that the fractured surfaces were covered with elongated small shear dimples, suggesting internal
void shearing being the governing rupture mechanism. In the fractured surfaces of the high-strength steel, regions with
quasi-cleavage were also observed. The transition from the internal necking mechanism to the internal shearing mechanism
was accompanied by a significant drop in ductility.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ductile fracture governed by void growth and coalescence depends strongly on stress triaxiality (Van Stone
et al., 1985, Garrison and Moody, 1987). The final phase in this fracture process is the link-up of voids (coa-
lescence). At least two distinctly different mechanisms have been observed for this phase (see a recent discus-
sion by Pardoen and Brechet, 2004): (i) internal necking down of ligaments between voids that have enlarged
their sizes significantly, and (ii) internal shear localization of plastic strain in the ligaments between voids that
have experienced limited growth. Mechanism (i) dominates at high stress triaxiality and mechanism (ii) at low
stress triaxiality. At intermediate levels of triaxiality, these mechanisms may co-operate or even compete. In
this study we experimentally investigate the two mechanisms and the conditions that governs the transition
between them. It will be shown that ductility is significantly affected by the mechanism that is prevailing.
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To quantify the influence of stress triaxiality on ductility Hancock and Mackenzie (1976) carry out exper-
iments on smooth and notched round bars in three different low-alloy steels. Ductility is determined as the
effective plastic strain required to initiate fracture. The experimental trend they observe: increasing ductility
with decreasing stress triaxiality is rationalized by use of the theoretical models for void growth by McClin-
tock (1968) and Rice and Tracey (1969). Clausing (1970), Speich and Spitzig (1982) and Hancock and Brown
(1983) compare ductility from tests on notched plane strain specimens with notched round bars. They all note
that the ductility typically is less for plane strain specimens than for axisymmetric specimens. One reason being
that a plane strain specimen is more susceptible to plastic shear localization than what a axisymmetric spec-
imen is, due to the kinematic constraints associated with overall axisymmetric deformation. McClintock
(1971) compare effective plastic strain to fracture in tension and torsion in several different materials (see Table
IIT in McClintock, 1971). For a majority of the materials the effective plastic strain to fracture is greater in
tension than in torsion despite the lack of triaxiality in torsion. In a recent experimental investigation, Bao
and Wierzbicki (2004a,b) employ several different specimen geometries (both plane strain and axisymmetric
types) to cover stress triaxiality in the low to intermediate range. Their purpose is to explore several common
models for ductility that are based on stress triaxiality. They conclude that none of the models are able to cap-
ture the behavior in the entire triaxiality range. Thus, the experimental observations discussed so far indicate
that stress triaxiality is not enough to fully describe ductility.

In this study, the stress state will be characterized by use of the stress triaxiality, 7, and the Lode parameter,
u. The Lode parameter plays the role of a deviatoric state parameter and is related to the third deviatoric stress
invariant. 7" and u are defined as

Onh 20’2 — 01 — 03
T = /vt = _ (1)
[N 01 — 03
where oy, is the mean stress, o, is the von Mises effective stress, and ¢y, o, and g3 are the principal stresses with
01 = o, = o3. These two parameters adequately describe the state of stress during plastic deformation for an
isotropic material. The Lode parameter is illustrated by use of the Mohr circle in Fig. 1, where also the three

special cases: generalized tension (¢ = —1), generalized shear (u = 0) and generalized compression (4 = 1) are
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Fig. 1. Tllustration of the Lode parameter u and the three special cases: generalized tension, shear and compression, respectively. Here, oy,
denotes the superimposed hydrostatic stress equal to o3 for u = —1, o, for =0 and o, for u = 1, respectively.
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shown. In the center of a notched round bar = —1 and in the notched region of a plane strain specimen
1=~ 0, provided that a tensile load is applied.

The influence of the Lode parameter on void growth and coalescence has to some extent been investigated
in recent studies by Zhang et al. (2001), Kim et al. (2004) and Gao and Kim (2006). The effect of the Lode
parameter is especially noticeable at lower values of stress triaxiality. Wierzbicki et al. (2005) propose a ductile
failure criterion based on 7" and a deviatoric parameter related to u. The outcome of the experimental results
in Bao and Wierzbicki (2004a) is fairly well captured by their model.

In the present study, a new type of specimen—a double notched tube specimen—was developed and
employed to carry out experiments in the low to intermediate triaxiality regime. The tube is loaded in com-
bined tension and torsion giving rise to variations of the Lode parameter in the range —1 < ¢ < 0. Two mate-
rials were tested. One intermediate strength, intermediate hardening material and one high strength, low
hardening material.

The aim of this study was to experimentally determine the effective plastic strain at fracture (ductility)
in terms of the parameters 7' and y, and associate the behavior with the two different mechanisms in the
void link-up process (coalescence) discussed above. Especially the conditions that govern the transition
between the two mechanisms was of interest. The plan of the paper is as follows: in Section 2 the mechan-
ical and microstructural properties of the two materials are given, in Section 3 the experimental setup
and procedure, respectively, are described, and in Section 4 the experimental outcome is presented and
discussed. To determine the type of mechanisms that governs final rupture, fractographical examinations
of most fractured specimens were undertaken, which is shown in Section 5. The paper is concluded in
Section 6.

2. Materials

Two materials were investigated, Weldox 420 and Weldox 960. The former material is a hot rolled
medium-strength steel and the latter material is a quenched and annealed high-strength steel. Both
materials were delivered in 30 mm thick plates. The chemical compositions of the two materials are listed
in Table 1.

2.1. Mechanical properties

Uniaxial tests on smooth round bar specimens, with the tensile axis oriented in the rolling direction L of the
plate, were performed for both the materials and the test data were fitted to the model in Eq. (2). For both
materials Young’s modulus £ and Poisson’s ratio v were about 208 GPa and 0.3, respectively. All material
and model parameters are listed in Table 2, where R is the 0.2% offset yield strength, Ry, is the ultimate
tensile strength and & is the effective plastic strain at failure in the neck. The uniaxial test data from the
two materials are shown in Fig. 2. For higher strain levels Bridgman correction was employed to compensate
for the non uniform stress distribution due to necking. In Eq. (2), gy represents the initial yield stress, ¢ an
offset strain, ey a normalizing strain and ¢, = go/E.
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Table 1
Chemical composition of Weldox 420 and Weldox 960 given in weight%
Material C Si Mn S Al Mo Ni N
Weldox 420 0.14 0.50 1.70 0.015 0.015 0.05 0.10 0.015

Weldox 960 0.20 0.50 1.60 0.010 0.018 0.70 2.00 0.015
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Table 2

Material parameters for the mechanical properties of Weldox 420 and Weldox 960

Material R0 (MPa) R, (MPa) & o (MPa) N & & N
Weldox 420 415 525 1.42 418 0.18 0.0020 0.0084 0.0162
Weldox 960 996 1051 1.27 956 0.059 0.0046 0 0.0046
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Fig. 2. The stress—strain curve of the uniaxial test for Weldox 420 and Weldox 960. The solid line is the experimental data, hollow circles
Bridgman corrected data and dot-dashed line the power law fit according to Eq. (2).

2.2. Microstructural properties

The materials were also examined in a light microscope in order to obtain information such as inclusion
sizes and microstructural features. This was done on sections cut perpendicular to the rolling direction L from
a virgin material, which was polished before analyzed in the light microscope. The images were then imported
into an image analysis software where the inclusions could be measured. The resolution allowed for inclusion
measurements larger than about 1 um in diameter, and thus sub-micron sized particles could not be detected.
However, sub-micron sized particles, like e.g., cementite particles, were observed in examinations by scanning
electron microscope.

In both materials, the inclusions consisted mainly of MnS, Al,O3 and SO, particles and were found to be of
spherical shape. However, larger inclusions deviated from the spherical shape. Fig. 3 shows representative
micrographs for both materials. The average inclusion diameters were 6.7 um for Weldox 420 and 7.3 um

100 pm

Fig. 3. Micrographs of polished surfaces taken from cross sections perpendicular to the rolling direction L, (a) Weldox 420 and (b)
Weldox 960. The scale is indicated by a 100 pm distance.
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for Weldox 960. The size distribution was such that 95% of all inclusions were less than 16.6 um for Weldox
420 and 14.3 pum for Weldox 960. Finally, the inclusion surface fractions were estimated to be 0.88% for Wel-
dox 420 and 0.60% for Weldox 960.

The sections were then etched in order to obtain the microstructure of the materials. Due to the different
heat treatment methods the two materials will show different microstructural features. It was found that the
hot rolled Weldox 420 has a banded ferrite/pearlite microstructure, where pearlite is the more brittle and fer-
rite the more ductile constituent. This banded structure renders its mid strength and increased ductile charac-
teristics. The quenched and annealed Weldox 960 has however a bainitic/martensitic microstructure giving the
material its high strength and a decreased ductility.

3. Experiments

The main objective of the experimental work was to gain a thorough understanding of the change in the
ductile behavior with respect to the stress state. For this reason the stress triaxiality, the Lode parameter
and the effective plastic strain at failure were of primary interest. The aim here was to characterize the different
ductile mechanisms leading to ductile fracture. At high triaxiality the governing ductile rupture mechanism is
internal necking of voids whereas at lower triaxiality the dominating rupture mechanisms is internal shearing
of voids. Hence, of particular interest was to characterize the transition between these two rupture
mechanisms.

3.1. Specimen

Tests were performed on circumferentially double notched tube specimens subjected to a combination of
tensile and torsional loading, see Fig. 4(b). The tensile force and the torsional moment are here denoted N
and M, respectively. The specimen dimensions are seen in Fig. 4(b and c), where the height H = 120 mm,
the average tube radius as well as the radius to the centre of the notch r,, = 12 mm, the thickness of the tube
2t = 3.2 mm, the net section thickness at the notch 2z, = 1.2 mm and the notch height # = 1.0 mm. The cur-
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Fig. 4. (a) The orientation of the specimen with respect to the rolled plate. Specimens were cut in the longitudinal rolling direction L.
(b) Configuration of the double notched tube specimen with (c) a close up of an axisymmetric cut of the notch.
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rent geometrical configuration of the specimen was optimized to obtain as uniform stress distribution as pos-

sible in the symmetry plane (z = 0) of the notch. The specimens where cut from 30 mm thick plates so that the

symmetry axis of the tube specimens was parallel to the longitudinal rolling direction L, as shown in Fig. 4(a).
The average normal stress and average shear stress over the cross section of the notch during loading are

statically determined as o,, = N/(2nr,,2t,) and 1, = M /(212 2t,). All experiments were carried out keeping the

ratio o,/7, constant. A load ratio parameter is introduced for this purpose as

__on_ Nry,

M (3)

Tn

By varying x the stress triaxiality in the notch region can be controlled. Increasing values of k implies more
axial tension and thus a higher triaxiality, whereas decreasing x values implies more torsional loading and thus
a lower triaxiality.

3.2. Experimental setup

The tests were carried out with a universal servo-hydraulic material testing machine (MTS) with an Instron
8800 digital controller. The machine, seen in Fig. 5(a), allows for a combination of tension and torsion simul-
taneously. For high k values, the proportional loading was achieved by applying a sufficiently low, constant
piston axial displacement rate, monitoring the corresponding axial force N and then correcting it with an
increment in the rotation of the piston giving an increase in torque M such that the ratio between N and
M was kept constant according to Eq. (3). For low x values on the other hand, this was done by applying
a sufficiently low, constant piston rotation rate, monitoring M and then correcting it with an increment in
the axial displacement of the piston giving an increase in N such that k was kept constant. This correction
procedure was done 10 times per second.

The axial displacement near the notch region was monitored by attaching two extensometers on fixture-
rings (Fig. 5(c)) fixed to the specimen at a distance (/+ /)/2 = 13 mm above and below the symmetry plane
of the notch shown in Fig. 4(b). The axial displacement § was then taken as the average of the acquired values
of the two extensometers, which were placed at opposite sides on the specimen as can be seen in Fig. 5(c). The
rotation 0 was obtained from a clip gauge, which was mounted between the two flanges of the fixture-rings, as

Fig. 5. (a) The specimen mounted in the MTS machine used for the combined tension-torsion experiment, (b) the clip gauge for the
rotation measurements to the left and (c) the extensometers for the axial displacement measurements.
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shown to the right in Fig. 5(b). By measuring the relative displacement of the two flanges, the rotation could be
determined.

In order to check the circumferential variation in axial stress due to possible misalignments of the specimen
in the testing machine, three strain gauges were used in each test. The strain gauges were glued on the outside
of the tube, 120° apart at the circumference, and at a distance of about 9 mm (=9/) from the notch. By mon-
itoring the strain and assuming that linear elastic conditions prevailed remote from the notch, the circumfer-
ential variation in the axial stress could be estimated during a test. The strain was monitored with the digital
acquisition system Orion, which was synchronized with the Instron 8800 digital controller.

3.3. Evaluation of the stress state in the notch

The stress state in the notch region was carefully calculated by analyzing all the tests by use of the finite
element program ABAQUS (2004). A very detailed two-dimensional model of the double notched tube spec-
imen was used. A special 2D generalized axisymmetric 8 node element with an additional degree of freedom
corresponding to the twist angle was employed to allow for the deformation modes of the applied load of com-
bined tension and torsion. The material was assumed to be elasto-plastic with isotropic hardening according to
Eq. (2) and a finite strain J, flow theory was employed.

For both materials the load-deformation response from the finite element analysis were in good agreement
with the experimental results, as can be seen in Fig. 6. In this figure the finite element and the experimental
results are compared for a test on Weldox 960 with x = 1.03. Thus, the finite element simulations of the exper-
iments were considered to be a reliable tool for prediction of the state in the notched region.

3.4. Evaluation of the effective plastic strain in the notch

The effective plastic strain was evaluated by assuming that all plastic deformation is confined to and solely
takes place in the notch region. This is an accurate assumption, as also will be seen in Section 4, since the notch
is relatively deep, (¢ — #,)/t = 0.625. Furthermore, it was assumed that the displacement 6 and rotation 6, mea-
sured over the distance /+ A, can be additively decomposed into their respective elastic and plastic parts.
Hence, the plastic deformation over the notch can be expressed as

5ﬁ:5—C(5N, QﬁZQ—C()M, (4)

where Cs = AS/AN and Cy= AO/AM are the elastic compliances in tension and torsion, respectively. These
compliances were directly estimated from the linear part of the load-deformation records during a test, as illus-
trated in Fig. 6. The average logarithmic normal and shear plastic strain rates over the notch region with cur-
rent extension s + J,, then becomes
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Fig. 6. Comparison of the load-deformation response over the region / + & between the experiment and the finite element simulation for
Weldox 960 with x = 1.03. (a) The axial force N vs. the axial displacement ¢ and (b) the torsional moment M vs. the rotation 0. Here C;
and Cy are the tension and torsion elastic compliances estimated from experimental results.
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TR SR (5)
to(h+d) T (Rt 0n)

In the denominators, ¢, is the total axial displacement over the notch. The total rotation over the notch is

denoted 0,. These will be expressed below.

Since the unnotched part of the tube specimen can be assumed to remain elastic during loading, the pos-
sibility of plastic flow in the circumferential direction in the notched region will be significantly constrained.
The plastic strain was in this direction therefore neglected. This was also checked by finite element calculations
and seemed to hold for the full range of triaxiality considered. The rate of effective plastic strain, averaged over

the notch, can then be expressed as

The accumulated effective plastic strain, averaged over the notch, is then obtained by integration of Eq. (6)
g — / wdr. 7)

The elastic compliances, as depicted in Fig. 6, are the sum of the contributions from the notched region (sub-
script n) and unnotched region (subscript 1). By using this, the total axial displacement and the total rotation
over the notch can be evaluated as

C5 C()

Sy=b—— 0 N g = — "
14 Cs,/Cy 1 + Con/Ca

(8)
Approximate expressions for the compliance ratios, Cs,/Cs and Cy,/Cg, can be derived if uniaxial conditions
are assumed and the notch is modeled as a cylinder with average radius r,, and average thickness 2¢,, where
2t, = 2.36t, is the average notch thickness accounting for the notch radius. Straight forward calculations then
give that Cy,/Cy = (ht)/(ITy) and Cgn/Cor = [ht(1 + (t/rn)))]/[[a(1 + (Za/rw)?)]. The same ratios were also
estimated by finite element calculations and in summary we obtain:

Approximate :Cj,/Cs = 0.0901, Cy,/Cpq = 0.0914, 9)
FEM :Cs,/Cs = 0.0614, Cy,/Coq = 0.0835. (10)

In the evaluation of expressions in Eq. (8) the ratios in Eq. (10) were used.
Fig. 7 shows a comparison of & evaluated from experimental load-deformation records using Eqs. (4)—(8)

and (10) with & computed in the same way using results from a finite element simulation of the corresponding
test. Results from three different tests, k = 1.03, 3.47 and 5.73, on Weldox 960 are included in the figure. The

0.3
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Fig. 7. The average effective plastic strain & in the notch vs. the rotation 6 for three different tests on Weldox 960. Solid lines represent
experiments and dot-dashed lines FEM simulations.
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agreement between the curves is remarkably good in all three cases. The experimental curves all terminate at
the point of failure, marked with a cross. The average effective plastic strain over the notch at this instance is
denoted &,.

3.5. Range in triaxiality and Lode parameter

The possible range in triaxiality was examined by finite element calculations as described above, where the
load ratio was varied from pure shear (x = 0) to pure tension (k = co). Since, most of the progressing damage
leading to material failure and onset of ductile fracture occurred in the centre part of the symmetry plane of
the notch, 7 and u were examined at this location, i.e., r = r,,, and z = 0. Fig. §(a) shows the relation between T
and « for Weldox 420 and Weldox 960. Each material is represented by two curves. The 7- and x-values for
each curve are evaluated at a fixed value of &, as indicated in the figure. The chosen & -values cover the rel-
evant span in failure strain for both materials. The maximum attainable triaxiality is about 1.15-1.20 for Wel-
dox 420 and about 1.30-1.35 for Weldox 960. The planning of the experimental program was based on the
information in Fig. 8(a). In order to perform a test with a desired triaxiality, the load ratio, x, was chosen
according to Fig. 8(a).

Fig. 8(b) shows the variation of the Lode parameter with triaxiality. Again each material is represented by
two curves, where 7- and p-values are evaluated at fixed e-values. At low and high triaxiality, the stress
approaches a state of generalized shear (1 — 0). In between the stress approaches a state of generalized tension

ailo — b 0
Weldox 420 ' Weldox 960
8 " ~0.2
5?1:0.4\_”
0.7 I -
6 \i‘-l -0.4
< '_, 3
4 -0.6
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0 -1
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
T T
¢ 0.8
k= 1.03
0.6
0.4 T
< 0.2 fail
El“ ° allure
0
-0.2pN -
\ \/TL ____________ —X=
-0

.4
0 0.05 0.1 0.15 0.2 0.25 0.3

Fig. 8. (a) x vs. T and (b) p vs. T evaluated at two different values of & for each of the materials Weldox 420 (dot-dashed lines) and
Weldox 960 (solid lines), respectively. In (b), the open symbols (Weldox 420) and solid symbols (Weldox 960) are experimental data
evaluated at failure. (c) 7 and u vs. & for a test on Weldox 960 with x = 1.03. All data in (a), (b) and (c) pertain to the centre of the notch
(r=rmz=0).



L Barsoum, J. Faleskog | International Journal of Solids and Structures 44 (2007) 1768—1786 1777

(u — —1). The curves are very similar for both materials, but the curves pertaining to Weldox 960 are shifted
somewhat to the right.

The V-shaped relation between p and 7 seen in Fig. §(b) can qualitatively be explained as discussed below,
and for this purpose we make use of the coordinate system defined in Fig. 4(c). At low T-values, shear defor-
mation prevails in the notch and the normal strains &,, &, and &. are small compared to the shear strain y,,..
And thus the stress state can be characterized as close to generalized shear, i.e., u = 0. For this case, the strain
in the thickness direction of the notch, ¢,, corresponds to the middle principle strain. At high 7-values, the
directions of the principle strains coincide with the axis of the rgz-coordinate system. For this case, the strain
in the circumferential direction, &, is negligible and the strain in the r-direction, ¢,, is equal to the smallest
principle strain. Again, the stress state can be characterized as close to generalized shear, and p ~ 0. At this
juncture, it should be noted that the strain in the thickness direction, ¢,, always can be identified as the middle
or the smallest of the principle strains. As the triaxiality increases from lower to higher values, ¢, changes from
being the middle to being the smallest principle strain. At that instance the middle and the smallest principle
strains are equal, indicative of the axisymmetric stress state of generalized tension as shown in Fig. 1, and u is
expected to be close to —1.

The evolution of T and u in the centre of the notch during the load history is shown in Fig. 8(c), where & is
used as the load parameter. It can be observed that both 7'and p are rather constant between & = 0.05 and the
failure strain, &, = 0.23. This span in & covers the important part of the load history. This particular case
belongs to Weldox 960 with x = 1.03. However, the situation is very similar for the whole triaxiality range
and both materials. For instance the T-value at failure only exceeds the average T-value during the load his-
tory by at most 5-10%.

3.6. Accuracy of stress state estimation

In Section 3.2 it was mentioned that a set of three strain gauges was used to monitor a possible circumfer-
ential variation in axial stress due to misalignment of the specimen in the testing machine. How the measure-
ments from the strain gauges were used to estimate variations in axial stress are described in some detail in the
Appendix A. From these measurements it was concluded that the relative variation in axial stress in most tests
were 7% or less.

4. Results

A series of 16 specimens were tested of the material Weldox 420 and a series of 21 specimens were tested of
the material Weldox 960. The tests were performed with a range of x-values to obtain a carefully chosen inter-
val in triaxiality based on Fig. 8(a). The stress triaxiality 7" and the Lode parameter y were determined in the
centre of the notch at the failure point as indicated in Fig. 8(c). In these experiments the failure event is pre-
ceded by a very rapid rupture process, which is characterized by a sudden load drop. In most cases, except for
tests with 77< 0.4, a crack initiated at this moment leading to instant fracture and separation of the two spec-
imen halves. For the tests with 7"< 0.4, the initiated crack propagated through a large part of the cross section
in the circumference and arrested at some point. Total separation was then achieved by pulling the two spec-
imen halves apart. For tests with higher triaxiality, examination of the fracture surfaces revealed development
of shear lip zones in the regions near the notch roots. In tests with low triaxiality, the fracture surfaces from
Weldox 420 were flat, whereas the surfaces from Weldox 960 showed a flat zig zag pattern in the circumfer-
ential direction. The flat feature of the fracture surfaces at low triaxiality was presumably a consequence of the
uniform stress state in between the notch roots as will be shown below in Fig. 9(a).

4.1. General behavior

It is assumed that fracture initiates in the centre portion of the notch, therefore it is of interest to examine
the spatial variation of 7, u and the effective plastic strain, &. The full field solutions obtained by the finite
element calculations described in Section 3.3 were used for this purpose. First, the variations through the
thickness in the symmetry plane (z = 0) will be explored. In Fig. 9, T, it and & are plotted at failure for three
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Fig. 9. The stress state and the effective plastic strain at failure vs. the normalized distance through the thickness at the symmetry plane
(z=0) for Weldox 960. (a) x = 0.70, (b) x = 2.28 and (c) x = 5.73.

different tests for Weldox 960. These tests correspond to k-values covering the relevant span of triaxiality
investigated here. It can be seen that the stress state is rather uniform in the mid-portion of the notch for
all the three cases. In all cases the effective plastic strain & is highest at the notch roots (r — r,,)/t, = %1
and decreases toward the centre of the notch at (r — r,,)/t, =0, whereas the trend for the triaxiality T is
the opposite. The Lode parameter p is however rather constant through the thickness. The overall trends
in thickness variations are very similar for both materials.

In Fig. 10 iso-contours of T, u and & are shown for Weldox 960 with x = 2.28 at failure. Due to symmetry
in the axial direction only the upper half of the notch region is shown. As can be seen in Fig. 10(a), the Lode
parameter u shows little variation in the axial direction in the notch region. Not shown here, the iso-contours
of the Lode parameter for both lower and higher x-values also shows little variation in the axial direction at
failure. The triaxiality however in Fig. 10(b) exhibits a more marked variation in the axial direction, with
decreasing T away from the notch centre. Again not shown here, this behavior is similar for higher k-values
whereas for lower x-values the triaxiality is rather constant in the axial direction. The iso-contours of the effec-
tive plastic strain are shown in Fig. 10(c) indicating that the plastic deformation is confined to the notched
region as assumed in Section 3.4. Furthermore, the high levels of & is localized to the symmetry plane
(z = 0). Similar behavior is found for higher and lower k-values.

4.2. Failure locus

To construct a relevant failure locus for each material, it is desired to determine the effective plastic strain at

failure in the centre of the notch, &, as discussed in Section 3.4. This is done by relating & to & by use of the
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Fig. 10. Contour plots of the notch region (undeformed configuration) at failure for Weldox 960 with k = 2.28. (a) Lode parameter y, (b)
stress triaxiality 7" and (c) effective plastic strain & (denoted PEEQ above).

finite element results and extracting &, at the corresponding & determined from the experiments. Fig. 11
shows the results from three tests carried out on Weldox 960 representing a wide span of triaxiality levels.
Here, the failure points are indicated with cross-markers. Note that the relation between & and & seems to
be rather independent of «, all three curves fall close together.

The effective plastic strains at failure, & and &, are plotted versus the stress triaxiality, 7, at failure in
Fig. 12. Here the solid circles represent &, and the open circles represent &. The lines are simple curve fits

0.6
&fp
0.5 of
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Fig. 11. The effective plastic strain & in the centre of the notch vs. the average effective plastic strain &, over the notch for Weldox 960,
where &, denotes the effective plastic strain in the centre of the notch at failure.
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Fig. 12. The effective plastic strain at failure vs. stress triaxiality 7, where solid circles denote &, and open circles denote &,. The open
squares pertain to results from uniaxial tests on smooth round bars. (a) Weldox 420 and (b) Weldox 960.

to emphasize the trends in the failure loci. Both materials exhibit similar behavior. In the high triaxiality
regime, the failure strain increases with a decrease in triaxiality as could be expected from void growth and
coalescence driven failure models (cf. McClintock, 1968 and Rice and Tracey, 1969). As the triaxiality decreas-
es this behavior changes abruptly, indicating a transition in the rupture mechanism. This occurs at 7= 0.8 for
Weldox 420 and 7= 1.0 for Weldox 960. With a further decrease in triaxiality beyond this point, the failure
strain starts to decrease until it appears to reach a plateau value.

For reference purposes, the effective plastic strain at failure from the uniaxial tensile tests on smooth
round bar specimens (Table 2 above) are also included in Fig. 2. Due to axisymmetry, the Lode parameter
w=—1 1in the centre of a round bar specimen. The stress triaxiality values in these tests were estimated
according to Bridgman (1964), giving 7= 0.76 for Weldox 420 and 7= 0.73 for Weldox 960. Contrary
to what was observed in the double notched tube specimen, 7 varied significantly in a round bar specimen
during a uniaxial test due to necking. Therefore, the uniaxial tests were also analyzed by use of finite ele-
ment modeling, which revealed that the 7-values based on Bridgman (1964) are close to the mean value of
T during the load history (Weldox 420: 0.64 and Weldox 960: 0.79). The T-value at failure is as high as
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1.02 for Weldox 420 and 1.16 for Weldox 960 in the centre of the smooth round bar specimen. Returning
to Fig. 12, it is interesting to note the uniaxial data of Weldox 420 virtually coincide with the transition
point mentioned above, whereas the uniaxial data of Weldox 960 appears to fit into the 7' — & trend of
the high triaxiality regime if extrapolated to lower T-values. Additionally, the tests on the uniaxial round
bars seem to yield higher ductility than what can be obtained with the present tube specimen. This differ-
ence is more noticeable for the high strength Weldox 960 steel. A similar trend is reported by Clausing
(1970) (cf. Fig. 3 in his paper).

In Fig. §(b) the symbols pertain to the Lode parameter p versus stress triaxiality 7 at failure for each test.
At low and high triaxiality the stress state is close to generalized shear (u = 0), whereas a state of generalized
tension (u =~ —1) is reached in between. The shift between a decreasing and an increasing u value as T increases
is rather sharp. This shift is seen to occur at about 7'= 1.0 for Weldox 960 (filled circles in Fig. 8(b)), which
coincides with the abrupt change in the 7 — & behavior for this material as previously observed from
Fig. 12(b). For Weldox 420, which is denoted by open circles in Fig. 8(b), this shift occurs at about
T'=0.9. The abrupt change in the 7 — & behavior for Weldox 420 occurs at the slightly lower stress triaxiality
T=0.8, as shown in Fig. 12(a).

Some data of interest from the experiments are summarized in Table A.1 in Appendix A. Note, that the
relative variation in the load ratio parameter « is typically around 5%. In a few cases, especially at low triax-
iality, higher values can be noted. The last column in the tables shows the ratio & /y* at failure. This ratio is
fairly constant during the load history. Interestingly, the ratio remains small (<0.3) for 7-values to the left of
the transition region in ductility, cf. Fig. 12. This indicates that the mode of deformation is dominated by plas-
tic shearing.

5. Fractography

An extensive scanning electron microscopic (SEM) study was undertaken in order to asses the underlying
ductile failure mechanisms in these materials at the different stress triaxiality levels. A systematic examination
of most of the fracture surfaces was done. The surfaces were primarily scanned in the regions around
@ = @o+ /2 and ¢ = @y — 1/2, see Fig. A.1 in Appendix A. These are regions where maximum and minimum
triaxiality are expected to occur. However, no major differences between these two regions were found in the
fractographs.

5.1. Weldox 420—moderate-strength steel

In Fig. 13, the three fractographs represent the rupture mechanisms at low triaxiality (a), high triaxiality (c)
and at the triaxiality where the transition in failure strain was seen to occur in Fig. 12(a).

Fig. 13(a) (T' = 0.47) clearly shows that the failure mode is shear ductile rupture. This mode is characterized
by shallow small elongated shear dimples, which are oriented along the shear direction. Wearing resulting
from contact between the two separated fracture surfaces can also be observed. This rupture mode involves
internal shearing between voids and is favored at lower triaxiality. The high plastic strain level promote nucle-
ation of voids at the second phase particles and inclusions by particle cracking or interface decohesion. The
low triaxiality impedes growth of the formed voids, which undergo substantial shearing. The final rupture is
then caused by the internal void shearing mechanism.

Fig. 13(c) (T =1.10) reveals a distinctly different failure mode. The fracture surface here exhibits large
deep dimples. The growth of the formed voids is substantial and is promoted by the high stress triaxiality.
The void growth dominates the failure process until the deformation localizes, and the large voids coalesce
by reduction of the intervoid ligament, which necks down and lead to rupture. The final rupture is then
caused by the internal void necking mechanism. Some of the voids have grown to a diameter of approxi-
mately 15 pum. In contrast, the voids in the shear dimple mode in Fig. 13(a) are significantly smaller with
sizes less than 5 um.

The fractograph in Fig. 13(b) (7' = 0.85), taken from the transition region, shows a mixture of the two fail-
ure modes discussed above. The dimples are however not as elongated as in (a) and not as deep and large as in
(c). Evidently, the two competing failure mechanisms involve different size scales of voids.
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Fig. 13. SEM fractographs showing the rupture modes for Weldox 420. In (a) with 7= 0.47 shows the shear dimple rupture mode where
the predominant failure mechanism is the intervoid shearing mechanism. In (c) with 7= 1.10, shows the flat dimple rupture mode where
the governing failure mechanism is necking of intervoid ligament, whereas (b) where 7'= 0.85 is at the transition region.

5.2. Weldox 960—high-strength steel

A similar set of fractographs as presented in the section above are shown in Fig. 14 for Weldox 960. The
rupture mode characteristics at high triaxiality (7= 1.24) for the internal void necking mechanism can be
observed in Fig. 14 (c). However, at low triaxiality (7" = 0.32) as shown in Fig. 14(a), the mode of rupture dif-
fers to some extent from the behavior observed in Weldox 420 at low triaxiality. In this martensitic/bainite
quenched high-strength steel, the shear type fracture surface reveal quasi-cleavage features blended into areas
with small shear dimples. A similar behavior is observed in high-strength steels by Knott (1980). In Fig. 14(b)
(T =1.06) it can be seen that the fracture surface exhibits a mix of the features observed in (a) and (c).

In summary, the shift in rupture mechanisms observed in the fractographical examination occur in the same
triaxiality range as the trend shift in failure strain noted in Fig. 12. This is valid for both materials.

6. Conclusions

In this study a new specimen is developed and optimized to measure ductility in tension and shear. The
specimen, a double notched tube, is loaded in a combined tensile and torsional loading at a fixed ratio allowing
for control of the stress triaxiality. It was shown that the test and the evaluation procedure renders accurate
results for estimation of the effective plastic strain and characterization of the stress state at failure. The stress
state was characterized in terms of the stress triaxiality 7" and the Lode parameter u, where the latter is a devi-
atoric stress state parameter. Two materials were investigated, a medium-strength steel Ry, =415 MPa and a
high-strength steel R0, = 996 MPa.

It is well known that triaxiality has a strong influence on ductility. This was also confirmed in the current
experimental study at sufficiently high triaxiality, where the rupture mechanism is characterized by void
growth and coalescence. However, as the triaxiality decreases, which in the present study is accomplished
by an increasing amount of shearing, a shift in rupture mechanism occurs. This shift in mechanism was con-
firmed by the fractographical examination conducted and accompanied with a dramatic change in the Lode
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Fig. 14. SEM fractographs showing the rupture modes for Weldox 960. In (a) with 7"= 0.32 shows the shear dimple rupture mode where
the predominant failure mechanism is the intervoid shearing mechanism with quasi-cleavage features. In (c) with 7= 1.24, shows the flat
dimple rupture mode where the governing failure mechanism is necking of intervoid ligament, whereas (b) where 7'= 1.06 is at the
transition region.

parameter. Going from high to low triaxiality the rupture mechanism changed from internal necking to shear-
ing between voids. This observation is valid for both the moderate and the high-strength steels tested here,
suggesting that triaxiality is not a sufficient parameter to characterize ductility, especially at low levels of tri-
axiality. Bao and Wierzbicki (2004b), Wierzbicki et al. (2005) and Gao and Kim (2006) have also observed
that predictions of ductile failure can be improved by introducing a deviatoric stress state parameter.

Alluding to an ongoing micromechanical study (Barsoum and Faleskog, 2006) of the experiments conduct-
ed here, it is found that the presence of voids do not seem to play a major role for predicting ductile failure at
low levels of triaxiality. Instead failure seems to be governed by a simple criterion based on a critical measure
of plastic shear deformation.
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Appendix A
Here it will be described how the measurements from the three strain gauges were used to estimate circum-

ferential variations in the axial stress in the notch. Fig. A.1 shows the position of the strain gauges along
the perimeter of the tube specimen, where the measured strains are denoted ¢;, & and ¢;. We assume that
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&3 (p=240°
Fig. A.1. The strain gauges ¢;, ¢ and ¢; attached on the tube perimeter about a distance 94 away from the notch cross section.

the variation in axial strain along the perimeter, &(¢), is due to a curvature caused by a bending moment aris-
ing from misalignments. Then, if linear elastic conditions prevail

8(@) =& t & sin((p - ¢0)7 (Al)
where the average normal strain ¢, and the amplitude strain ¢, (due to bending) are given by

& = (81 + & + 83)/3, (AZ)

2
& Zg\/s%-i-sg-l-sg—8182—8183—8283. (A.3)
In (A.1), the angle ¢, defines the direction of the neutral axis of the bending moment. This angle may change
during the loading history and can be calculated from the relation
& + &3 — 281
\/§(82 — &) .

The amplitude strain ¢, is directly connected to the maximum deviation of the normal stress along the perim-
eter of the notch, here denoted Acg,. Accounting for the deviation in the load ratio parameter, the ratio be-
tween the normal stress and the shear stress in the notch region as introduced in Section 3.1, becomes

xiAK:M:KQiA"“). (A.5)

Tn On

tan @, = (A.4)

Note that the relative variation in the loading parameter Ax/x is equal to A,/

Bounds can be derived for Aa,, by considering two ‘extreme’ variations along the notch perimeter. An upper
bound can be obtained by assuming a linear variation, i.e., (Aa, (¢ is defined in Fig. A.1), and a lower bound
can be obtained by assuming a bi-constant variation, i.e., +Ag, for +¢. The tensile force applied on the spec-
imen can be related to the average strain in (A.2) as N = gyE(2nr,,2t), and hence the average normal stress in
the notch can be expressed as g, = N/(2nr,,2t,) = &9Et/t,. The bending moment caused by misalignment can
be related to the amplitude strain in (A.3) as My, = &,E(nr 2t) /(r,, + 1). Simple calculations then give the upper
bound as: Ag, = M,/ (nr?2t,), and the lower bound as: As, = My /(42 2t,). Finally, maximum of the relative
variation in the load ratio parameter in the circumference of the notch becomes
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Table A.1
Experimental data set for Weldox 420 and Weldox 960, where , indicates quantity at failure
Weldox 420 Weldox 960
No. K Ax/k T &%), No. K Ax/k T @&/7),
1 0.63 0.26 0.31 0.03 1 0.50 0.08 0.32 0.01
2 0.82 0.19 0.42 0.08 2 0.70 0.22 0.43 0.01
3 0.96 0.19 0.47 0.06 3 0.85 0.07 0.50 0.10
4 1.12 0.22 0.55 0.26 4 1.03 0.03 0.60 0.07
5 1.29 — 0.61 0.18 5 1.27 0.09 0.68 0.14
6 1.36 — 0.66 0.16 6 1.41 0.09 0.74 0.05
7 1.69 0.06 0.77 0.34 7 1.54 0.06 0.82 0.11
8 1.87 0.09 0.81 0.36 8 1.87 0.04 0.92 0.07
9 2.08 0.03 0.85 0.31 9 2.00 0.03 0.94 0.40
10 2.33 0.12 0.87 0.61 10 2.28 0.05 1.01 0.48
11 2.63 0.03 0.94 0.44 11 2.48 0.07 1.03 0.63
12 3.26 0.04 1.00 0.63 12 2.70 0.03 1.06 0.40
13 3.52 0.04 1.00 0.87 13 293 0.03 1.07 0.51
14 4.25 0.02 1.06 0.89 14 3.04 — 1.09 0.58
15 5.89 0.05 1.10 1.26 15 3.43 0.01 1.13 0.66
16 — — 1.15 — 16 3.47 0.01 1.14 1.61
17 3.93 0.03 1.17 0.55
18 4.61 0.03 1.21 0.78
19 5.73 0.01 1.26 0.97
20 7.87 0.07 1.30 2.46
21 — — 0.70 —

The Ax values are for k = 0.69 in Eq. (A.6). In Experiment No. 5 and 6, for Weldox 420, and in Experiment No. 14, for Weldox 960, the
strain gauges were out of function.

Ak _A0n _ gl (A.6)
K (O &o
where k = 1/(1 + t/r,,) for the upper bound and k = (n/4)/(1 + t/r,,) for the lower bound. With the present
geometry: k=0.88 (upper bound) and k= 0.69 (lower bound). The maximum value of x occurs at
@ = @o + n/2 with respect to strain gauge ¢; (see Fig. A.1), and the minimum occurs at the opposite side at
@ = @y — nn/2. Values of Ax/ic are for each test given in Table A.1.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in the online version, at doi:10.1016/
j-1jsolstr.2006.09.031.
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