Study of low temperature effect on the fracture locus of a 420

MPa structural steel with the edge tracing method

S. Tu!, X. Ren?, T. A. Kristensen?, J. He!, Z. Zhang*~

'Department of Structural Engineering, Norwegian University of Science and Technology, Trondheim 7491,
Norway
2SINTEF Materials and Chemistry, Trondheim 7456, Norway

Highlights

e Low temperature effect on the fracture locus of a structural steel has been investigated.
e A two-plane mirror system was designed to capture specimen deformation.
e The edge tracing method was used to measure specimen deformation.

e It shows that low temperature effect (down to -60°C) on fracture locus is insignificant.

* Corresponding author: Tel: +47 73592530
E-mail address: zhiliang.zhang@ntnu.no (Z. Zhang)
Fax: +47 73594700



mailto:zhiliang.zhang@ntnu.no

Nomenclature

current minimum cross-section radius
initial minimum cross-section radius
current minimum cross-section area
initial minimum cross-section area

material failure indictor
Young’s modulus
Lode parameter

current notch curvature radius
initial notch curvature radius
current notch radius ratio
initial notch radius ratio

stress triaxiality
strain-averaged stress triaxiality
Poisson’s ratio

average true strain

fracture strain

strain at the maximum load

the first, second and third principle stress

Mises equivalent stress
hydrostatic stress

true stress
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Abstract

Quasi-static tensile tests with smooth round bar and axisymmetric notched tensile specimens have been
performed to study the low temperature effect on the fracture locus of a 420 MPa structural steel.
Combined with a digital high-speed camera and a two-plane mirrors system, specimen deformation was
recorded in two orthogonal planes. Pictures taken were then analyzed with the edge tracing method to
calculate the minimum cross-section diameter reduction of the necked/notched specimen. Obvious
temperature effect was observed on the load-strain curves for smooth and notched specimens. Both the
strength and strain hardening characterized by the strain at maximum load increase with temperature
decrease down to -60°C. Somewhat unexpected, the fracture strains (ductility) of both smooth and
notched specimens at temperatures down to -60°C do not deteriorate, compared with those at room
temperature. Combined with numerical analyses, it shows that the effect of low temperatures (down to
-60°C) on fracture locus is insignificant. These findings shed new light on material selection for Arctic
operation.

Keywords: fracture locus; low temperature; notched tensile specimen; edge tracing method; stress

triaxiality.

1. Introduction

The increasing demands of energy motivate the petroleum sector to move their exploitation activities to
harsher environments, resulting in new challenges for structural design, maintenance, and failure
assessment. It has been demonstrated that there are considerable oil and gas resources in the Arctic
region %, the low temperature effect should be considered in the selection of structural steels. Previous
research has shown that decreasing temperature increases the yield strength of most steels. Ren ? carried
out tensile tests of a 420 MPa steel with temperature ranging from 0°C down to -90°C, and found that
the Liiders strain > increased as the temperature decreased. For most structural steels, as the temperature
decreases continuously, the fracture behavior will transform from ductile to brittle (DBT) 62, reducing
the steels’ ductility and fracture toughness. The DBT occurs when the temperature decreases down to
the steel’s DBT temperature.



Hybrid experimental-numerical analyses 38 or numerical analyses with unit cell model 1* 2 alone have

demonstrated that the fracture strain ¢, (the equivalent strain corresponding to crack initiation) strongly

depends on the stress triaxiality and the Lode angle parameter. The stress triaxiality T which is defined

by the ratio of the mean stress o, and the von Mises equivalent stress o, (T =0, /o,, ) is widely used

to characterize the hydrostatic pressure effect 212 and crack tip constraint level 2528, Bao 3 carried out
a series of tests on 2024-T351 aluminum alloy with initial stress triaxiality ranging from -0.33 to 1 at
room temperature. Combined with numerical analyses, a fracture strain versus strain-weighted average
stress triaxiality T" diagram was established. The curve, namely the fracture locus consists of three
branches: the fracture strain decreases with the increase of T when —0.33<T <0 and T">0.33;
while the fracture strain increases in the range 0 <T~ < 0.33. Recent study shows that the Lode angle
parameter L (L=(20,—0,—0,)/(0,—03); o,, o,, o, are the principle stresses) also plays an
important role on the evolution of fracture locus % 1 2°32, For smooth round bar and axisymmetric
notched specimens under quasi-static tensile loading, which are the focus of this study, the Lode angle
parameter at a given material point on the minimum cross-section is constant *233, and therefore will not
be discussed here. The influence of loading rate 8 22, loading path 1% 203134 on the evolution of the
fracture locus have been studied extensively in the range of the stress triaxiality T >0.33. Johnson and
Cook 22 performed torsion tests over a range of strain rates, Hopkinson bar tests over a range of
temperatures and quasi-static tensile tests with various notch geometries to investigate fracture
characteristics of OFHC copper, Armco iron and 4340 steel. Their test results indicate that fracture strain
is very dependent on stress triaxiality and less dependent on strain rate and temperature. Hopperstad and
Barvik 18353 performed Split Hopkinson tension tests on the structural steel Weldox 460E at high strain
rates and elevated temperatures (100 to 500°C) with smooth and axisymmetric notched specimens,

neither obvious strain rate effect nor temperature dependence on the fracture locus was observed.

Fracture locus of metallic materials has attracted wide attention over the past decades, however, the
study on the effect of low temperature on fracture locus is very limited. In order to facilitate the selection
of structural steels for the application in the Arctic region, it is very important to characterize the low

temperature effect on fracture locus of structural steels.

In the current study, we carried out quasi-static tensile tests with smooth and axisymmetric notched

specimens made of a 420 MPa structural steel, with temperature varied from room temperature down to

-60°C. A digital high-speed camera was used to record the specimen deformation during the test in

conjunction with a two-plane mirrors system. Pictures taken were then analyzed with the edge tracing

method to calculate the global average strain, up to crack initiation. Detailed information about the test
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materials, test set-up and the edge tracing method are introduced in section 2. Experimental results are
presented in section 3. Numerical analyses are performed to simulate the experiments to capture the
stress triaxiality evolution at the location where crack initiation is supposed to occur. The numerical
procedure and results are presented in section 4. The results indicate that both the strength and hardening
characterized by the strain at maximum load increase with the decrease of temperature, while the
temperature down to -60°C does not significantly alter the dependence of fracture strain on stress

triaxiality.
2. Experimental program

2.1 Material and specimens

The specimens were machined from 50 mm thick plates of a 420 MPa steel, along the rolling direction.
Sketches of the smooth round bar specimens and axisymmetric notched tensile specimens are shown in
Fig. 1. Bridgman 2! proposed an analytic solution to characterize the stress distribution of a necked
tensile specimen, the stress triaxiality in the center of the minimum cross section where crack formation
occurs first is expressed as:

1 a
T :§+In(1+ﬁ) (1)

where a and R are the current minimum cross-section radius and the notch curvature radius of a necked
tensile specimen, respectively. Bao performed tensile test with smooth round bar specimen numerically,
and found that the stress distribution differed significantly with Bridgman’s analytical solution on the
minimum cross-section. Based on numerical simulation, an empirical expression of stress triaxiality in

the center of specimen minimum cross-section was proposed 32 37:
1 a
T=§+J§ma+iﬁ) )
According to Eq. (1) and Eq. (2), the stress triaxiality in the center of specimen minimum cross-section
is a function of the notch radius ratio a/R . By machining axisymmetric notch in the center of smooth
specimen, different initial stress triaxiality can be realized by varying the initial notch radius ratio, a,/R, .
For all the axisymmetric notched specimens tested in present study, a, =6mm. a,/R, varied from 0.5

to 3 by varying R, from 2 mm to 12 mm. Combined with the smooth round bar specimen, the initial

stress triaxiality varied in a range from 0.33 to 1.63, calculated by Eq. (2).
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Fig. 1 Sketches of the tensile Specimens: (a) axisymmetric notched tensile specimen; (b) smooth

round bar specimen.

2.2 Test set-up

The test set-up is shown in Fig. 2. The tests were carried out using an universal test machine Instron
5985, with the loading cell of 250 KN. A liquid nitrogen-cooled temperature chamber was used to create
low temperature environment. The tests were carried out at room temperature, -30°C, and -60°C. The air
inside of the temperature chamber was replaced with nitrogen gas first, in order to avoid ice formation
on the specimen surface. A thermocouple shown in Fig. 3 (a) was used to measure the temperature at
the specimen surface. On one side of the temperature chamber, there is a window, through which the
inside of the temperature chamber can be observed clearly. A digital high-speed CCD camera with the
resolution of 2448x2050 pixels was located besides the window to take pictures of the specimen during
the test, with the framing rate of 1 frame per second. All the tests were performed in displacement control
manner, with the crosshead speed of 0.3 mm/minute. During the tests, the force was recorded with the

same camera framing frequency

Inside the temperature chamber, there are two LED lights and a two-plane mirrors system, as seen in
Fig. 3. The two-plane mirrors system consists of 2 plane mirrors with the angle of 135°, as illustrated in
Fig. 3 (b). The specimen and the camera located on the angle bisector of the two-plane mirrors system.
According to the plane image formation principle, the specimen images form in two orthogonal planes,
seen in Fig. 3 (b). Therefore, the deformation of the specimen can be observed in two perpendicular
directions during the test. The consideration of using the two-plane mirrors system is that, due to the
localized deformation on necked smooth and axisymmetric notched specimens, it is more accurate to
use the average value of minimum cross-section diameter in two orthogonal directions to calculate the
current minimum cross-section area, instead of only one direction . By adjusting the position of the

LED lights, the specimen images can be located in the LED light images center. The camera was set in
4



mono mode in the test. A very strong grey-value gradient can be formed between the specimen images
and the picture background, for the purpose to use the edge tracing method to measure the specimen

deformation. Fig. 4 shows a picture of a smooth specimen taken with the camera in the beginning of the

test.

Liquid Nitrogen

Computer

Fig. 2 Test system in this study
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Fig. 3 (a) Layout of the inside of temperature chamber; (b) lllustration of the two-plane mirrors

system.
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Fig. 4 Picture of smooth round bar specimen taken at the beginning of the test.

2.3 The edge tracing method

Digital pictures consists of numbers of pixels which depend on the resolution of the digital camera %,
Each pixel in the picture represents a grey-value. From black to white, the grey-value ranges from 0 to
255. Digital pictures can be read by Matlab and grey-value of each pixel can be output and stored in a
matrix for analysis. For one arbitrary row in the digital pictures as red line marked in Fig. 5 (a), peak
values of the derivative (absolute value) of grey-value can be found, due to the strong contrast between
the specimen images and the background, as shown in Fig. 5 (b). There were several peak values in Fig.
5 (b), however, only the two maximum peak values were regarded as the boundaries between the
specimen image and the background. The small peak values were caused by the white color on the
specimen image, formed due to light reflection. The pixel numbers between the two boundaries represent
the corresponding cross-section diameter. By scanning each row of the picture, the edges of the specimen
image can be captured, together with the minimum cross-section diameter, shown as red curves in Fig.
6. Due to the existence of necking or notch, the deformation was localized in the necking /notch region.
The edge tracing method was therefore mainly focused on the necking/notch region to save calculation

cost.
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Fig. 5 The edge tracing method. (a) One arbitrary row of pixels of axisymmetric notched specimen

with a,/R, =0.5 ; (b) absolute value of derivative of the grey-value.

Fig. 6 Specimen image edges in Fig. 5 (a) derived with the edge tracing method. The minimum cross-

section diameter is also shown in pixels.

Before the test, the minimum cross-section diameter of each specimen was measured with a laser gauge.
The ‘unit pixel length’ then can be calculated by dividing the initial minimum cross-section diameter by

the corresponding pixel numbers in the picture taken in the beginning. The current minimum cross-
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section diameters are calculated by multiplying the pixel numbers and the ‘unit pixel length’ in all the
following pictures taken during the test. In order to verify the accuracy of the edge tracing method,
several trial tests with notched specimens were performed. After certain deformation, we held the test
and took a picture of the specimen. Then the minimum cross-section diameter in the same directions as
in the picture was measured by the laser gauge. The picture was analyzed with the edge tracing method.
The minimum cross-section diameter calculated from the picture agreed well with the value measured
by the laser gauge in the same direction, with errors within +1.2 % . The trial tests confirmed that the
edge tracing method can be used to measure the specimen minimum cross-section diameter accurately.
A difference of the minimum cross-section diameters measured in the two perpendicular directions has
been observed, from both the edge tracing method and the laser gauge measurement. For example, for
the axisymmetric notched specimen with a,/R, =0.5, the minimum cross-section diameters measured
were 8.05 and 8.23 mm, at the load P =54.33 KN . This is attributed to the material anisotropy and
anisotropic damage evolution. Therefore, it is more accurate to use the average value of diameters
measured in two orthogonal planes in minimum cross-section to characterize the diameter reduction. For
all the pictures taken in each test, the edge tracing method was used to detect the specimen image edges

and to measure the corresponding average minimum cross-section diameter.

3. Experimental results

In this study, the specimen deformation is characterized by the average true strain &, which is defined
by the minimum cross-section area reduction 3°:

£=In(A,/A) =2In(a,/a) 3)
where A, and A are the initial and current minimum cross-section area, respectively. a is the current

averaged minimum cross-section radius measured from the specimen images with the edge tracing

method. True stress o, for the smooth round bar specimen is calculated by dividing load by the current
minimum cross-section area:

o, =P/rd’ (4)
Deformed plots of the smooth round bar specimen tested at room temperature and axisymmetric notched

specimen with a,/R,=0.5 tested at -60°C are presented in Fig. 7 and Fig. 8, respectively. For the

smooth round bar specimen in Fig. 7, the deformation developed in the whole specimen when the strain
is small. As the load increases, diffuse necking occurred, which can be observed on the specimen image
in Fig. 7. By studying the specimen images and the load-strain curves, it was found that diffuse necking
occurred approximately at the strain £ =0.1 for tests performed at room temperature. For the smooth
specimen tested at low temperatures, the strain corresponding to diffuse necking increased slightly as

temperature decreased, seen in Fig. 9 (a). After diffuse necking, the deformation localized in the necking
8



zone, and a blunt axisymmetric notch was formed. The blunt notch became sharper and sharper, until
the specimen failed into two parts. For the axisymmetric notched specimen, deformation localized
mainly in the notch region. As the strain increases, the notch deformed form an initial ‘U’ shape to a ‘V’
shape, until the specimen failed into two parts, as seen in Fig. 8. For the first picture in which the
specimen failure (broken into two parts) was observed in each test, specimen images in the previous
frames were used to calculate the strain with the edge tracing method. Note that, in Fig. 7 and Fig. 8, the

picture annotated by & =g, corresponds to crack initiation, instead of measuring after the complete

fracture. This will be discussed in the following section.

1911901911

1191181181}

=05 = fractured

Fig. 7 Smooth specimen at different deformation level tested at room temperature.
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Fig. 8 Axisymmetric notched specimen with a, / R, =0.5 at different deformation levels tested at -

60°C.



The load-strain curves and true stress-stain curves of the smooth round bar specimens tested at different
temperatures are presented in Fig. 9. As expected, the load increased to a maximum value and then
decreased, up to specimen failed. The true stress increases with the decrease of test temperature at the

same strain. It can be seen that the maximum load and the strain at the maximum load, ¢, , increase

with the decrease of the test temperature. At the end of the load-strain curves, a sudden drop of load
which indicates specimen load carrying capacity loss can be found 2. This point is regarded as the crack

initiation and the corresponding strain is defined as fracture strain, &, . It has been pointed out by

Benzerga ** that the strain at crack initiation is smaller than the strain measured from broken specimen
fracture surface. The difference is induced due to the server deformation after crack initiation. It is

evident in Fig. 9 that the fracture strain ¢, of the smooth round bar specimen increases slightly as

temperature decreases. Usually, for most structural steels, decreasing test temperature increases
material’s strength and hardening, while material’s ductility is reduced. Michael and Richard “°
performed quasi-static tensile tests with smooth round bar from 25°C to 150°C. The specimens were cut
from an Al-Cu-Mg-Ag alloy sheet. They found that fracture strain for smooth round bar specimen
increased with test temperature increase. Quasi-static tensile test conducted by Bgrvik and Hopperstad
41 at temperature from 20°C to 500°C showed that fracture strain for smooth round bar specimen of
Weldox 460 E steel was independent of temperature from 20°C to 300°C; while from 300°C to 500°C,
fracture strain increased with temperature increase. It is very interesting that the ductility for this 420
MPa structural steel indeed increases (slightly) with decreasing test temperature (down to -60°C). The
reason may be that the fracture strain here is defined at crack initiation, instead of strain at the complete

fracture of specimens.
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Fig. 9 (a) Load-strain curves of smooth round bar specimen. (b) True stress-strain curves of smooth

round bar specimen. The strain corresponding to diffuse necking and fracture are annotated.
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Fig. 10 Load-strain curves for axisymmetric notched tensile specimens with same geometry tested at

different temperatures. (a) a,/R,=0.5; (b) a,/R, =0.75,(c) a,/R, =1,(d) a,/R, =1.5;(e)

a,/R, =2,(f) a,/R, =3.
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Fig. 11 Load-strain curve for specimens tested at same temperature.

(a) Room temperature; (b) -30 °C; (c) -60 °C.
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Representative load-strain curves for axisymmetric notched specimens with same geometry at different
test temperatures are presented in Fig. 10. As expected, the load for specimen tested at lower temperature
is larger than that at higher temperature at the same strain level. The maximum load also increases with
the decrease of test temperature. The influence of lowering temperature on the fracture strain for each

notch geometry shown in Fig. 10 is not very obvious.

Load-strain curves in Fig. 9 and Fig. 10 are regrouped by test temperature and are presented in Fig. 11.

It is clearly seen that specimen with sharper notch (larger a,/R, ) corresponds to higher load at the same
strain. The maximum load increases with the increase of a,/R, at each test temperature. Instability

analysis of axisymmetric notched tensile specimen showed that the strain corresponding to the maximum

load, &, , is a material parameter which is approximately equal to the value of &, for the smooth

round bar specimen and independent of the notch geometry #2. This is true for the axisymmetric notched
specimen tested at the same temperature, as red dash curve points out in Fig. 11. For materials following

power law hardening rule, the value of &, equals to the strain hardening exponent. It should be noted

that e, is sensitive to temperature. For the structural steel studied, &,  increases slightly as temperature

decreases.
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Fig. 12 Fracture strain versus initial notch radius ratio.

The average value of fracture strains from parallel tests in Fig. 11 are presented in Fig. 12 as a function
of initial notch radius ratio. It is very interesting to observe that the average fracture strains do not
deteriorate with the decrease of temperature to -60°C. For the notched specimens, the fracture strains at

low temperatures are somewhat slightly higher than those at room temperature. Michael and Richard
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performed quasi-static tensile test with Al-Cu-Mg-Ag alloy from 25°C to 150°C. They found that the
temperature effect on fracture strain for axisymmetric notched specimens can be neglected. Spit
Hopkinson tension bar tests at 100 to 500°C reported by Bgvrik and Hopperstad 8 3¢ showed that the
influence of test temperature on fracture locus of Weldox 460 E steel was insignificant. Our study in this
paper shows that load carrying capacity of smooth and notched specimens of this 420MPa structural
steel increase with low temperature, however, the fracture strains (ductility) for smooth and notched

specimens don’t tend to deteriorate with decreasing test temperature (down to -60°C).

4. Numerical analysis

In order to construct the fracture locus, we need to perform numerical analysis to capture the stress
triaxiality evolution. During the loading, the specimen deformed and the stress triaxiality at the center

of the specimen minimum cross-section varied accordingly. For non-proportional loading, a strain-

weighted average stress triaxiality T is widely used 1% 33 34 43;

T*=ij“T(8)dg (5)
& 70

In order to capture the evolution of stress triaxiality in the center of minimum cross-section of the
necked/notched specimen, we performed numerical analyses with Abaqus/Standard 6.14%. The
specimen configurations used for numerical analyses are the same as used in experiments. AXxisymmetric
model is used with very small mesh size (approximately 0.4*0.4 mm) in the notch region. The 4-noded
axisymmetric element with reduced integration (CAX4R) is used. Large deformation is accounted.
Symmetric boundary condition is applied in the symmetric plane of smooth specimen and axisymmetric

notched specimens. A typical mesh of axisymmetric notched specimen with a,/R, =3 is presented in

Fig. 13. For all the numerical analyses, the specimen is loaded in displacement control manner.

aue|d o1LBWWAS

Axis of symmetry

Fig. 13 Typical mesh for axisymmetric notched tensile specimen with a,/R, = 3.

The true stress-strain curves in Fig. 9 (b) cannot be used directly for numerical analyses, due to the tri-

axial stress state in the specimen necked region after diffuse necking 2% 3" %% 45 Bridgman % proposed
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an analytical correction method based on axisymmetric analysis of a necked round bar specimen, Eq.

(6). However, the Bridgman correction is difficult to practice, since the current notch curvature radius
should be measured. Le Roy have presented an empirical relation with a/R and ¢ “, see Eq. (7).

Combined with Eg. (6) and Eq. (7), true stress-strain curves from smooth round bar specimen can be
corrected. Fig. 14 shows the equivalent stress-strain curves by correcting the curves in Fig. 9 (b), together
with the corresponding true stress-strain curves. Obvious difference can be seen between the true stress-
strain curves and equivalent stress-strain curves at large strain. Recently, we proposed a new correction
function, with which true stress-strain curve from an axisymmetric notched tensile specimen can be
converted to material’s equivalent stress-strain curve accurately 4“8, The equivalent stress-strain curves
derived with notch specimens present to be identical to the Bridgman method for this 420 MPa structure
steel. The equivalent stress-strain curves in Fig. 14 are then used in the numerical analyses, together with

Poisson ratio v = 0.3 and Young’s modulus E =200GPa..

2R a
=1+—)-Inl+— 6
&= . )-In( 2R) (6)
Ez:l-':l-'(g_‘c"Pmax) (7)
R
O,
o= (8)
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Fig. 14 Equivalent stress-strain curves obtained by correcting true stress-strain curves from smooth

specimen at each test temperature with the Bridgman method, Eq. (8).

Load-strain curves from numerical analyses are compared with those from experiments for specimen

with same geometry and test temperature. Fig. 15 presents the load-strain curves from experiment and
15



from numerical simulation for axisymmetric notched specimen with a,/R, =2 tested at -60°C. Very

good agreement can be observed, which confirms that the correction function Eq. (8) is accurate. It also

indicates that the deformation in the notch region can be well captured during the loading process.
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Fig. 15 Comparison of load-strain curves from experiment and from numerical analysis for notched

tensile specimen with a,/R, =2 tested at -60°C.

From numerical analysis, the stress triaxiality at each material point can be calculated. Fig. 16 presents
the stress triaxiality evolution at the center of the minimum cross-section, up to fracture strain. As it can
be seen in Fig. 16, for the smooth specimen, the stress triaxiality is constant and equals to 1/3 at the
beginning, and then increases with the increase of strain. For axisymmetric notched specimens with
a,/R, <1, stress triaxiality increases with the increase of strain, while for specimens with a,/R, > 1,
stress triaxiality increases firstly and then decrease with the increase of strain. This infers that the
specimen initial notch geometry strongly affects the stress triaxiality evolution. For the smooth specimen,
the value of stress triaxiality at fracture presents to be even larger than the notched specimen with

a,/R, =0.5in Fig. 16, reflecting the severe deformation in the necking region at failure for smooth

specimen.
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Fig. 16 Stress triaxiality evolution at the specimen minimum cross-section center up to fracture

strain. (a) Room temperature; (b) -30°C; (c) -60°C.
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For each specimen in Fig. 16, the average stress triaxiality is calculated by Eq. (5). Fracture strain is
plotted against the corresponding average stress triaxiality in Fig. 17 for specimens tested at the same
temperature. It can be clearly observed that the fracture strain decreases with the increase of average
stress triaxiality. Similar to Fig. 12, the three curves in Fig. 17 almost collapse into one, except small

scatter. Interestingly, the local behavior shown in Fig. 17 closely reflect the global behavior in Fig. 12.
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Fig. 17 Fracture strain versus average stress triaxiality at different temperatures.

Indeed, we can formulate the fracture locus with different measures of stress triaxiality: the initial stress
triaxiality (calculated by Eq. (1) ), the strain-weighted average stress triaxiality and the stress triaxiality
at failure. Fig. 18 presents these three measures of fracture loci for specimens tested at room temperature.
These three curves behave differently, but show similar trend that the fracture strain decreases with the
increase of stress triaxiality. It can be observed that for the smooth specimens, the values of stress
triaxiality by different measures differ significantly; while for the notched specimen, the difference tend

to decrease with increasing a, /R, , especially for the red and green curves. It is difficult to conclude

which curve in Fig. 18 is better, since each of them presents pros and cons in certain aspects. For the
fracture locus determined with the initial stress triaxiality, it can be conveniently formulated once the
fracture strain is known. However, the stress triaxiality evolution or the damage evolution is not

considered. The curve constructed on the space of average stress triaxiality and fracture strain takes the
strain history into account and depicts the damage accumulation in the form: D = J.Of T(e)de=T -¢,.

D is a material failure indicator. However, we need to run numerical analyses in parallel to capture the

deformation history and stress triaxiality evolution. The stress triaxiality at failure is more

18



straightforward to represent the instantaneous stress state at the fracture point. Similar to the strain-
weighted average stress triaxiality, numerical analysis is also necessary. Only for proportional loading,
fracture loci constructed by initial stress triaxiality, strain-weighted average stress triaxiality and stress
triaxiality at failure collapse into one. It should be noted that when it comes to complex or non-
proportional loading, the initial and finial value of stress triaxiality are more or less meaningless and the

strain-weighted average stress triaxiality tends to be more representative.
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Fig. 18 Fracture strain versus different measures of stress triaxiality for the tests performed at room

temperature.

5. Concluding remarks

In this study, smooth round bar specimens and axisymmetric notched tensile specimens have been used
to investigate low temperature (down to -60°C) effect on a 420 MPa structural steel fracture locus. A
two-plane mirror system and a digital high-speed camera were used together to monitor specimen
deformation in the tests. Combined with numerical analyses, the specimen deformation was simulated
to capture the stress triaxiality evolution up to failure. Tensile tests with smooth and notched specimen
show that decreasing temperature increases material’s strength and strain at maximum load, while the
fracture strain (ductility) doesn’t deteriorate for the testing temperature down to -60°C. The fracture locus
formulated with the initial, strain-weighted or the finial value (the value at failure) of stress triaxiality
and the fracture strain shows the significant dependence of ductile failure on the stress state. The
mechanical response at low temperature in this study indicate that this 420 MPa structural steel is very

promising for the application in the Arctic region.
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