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Stress state is a primary factor controlling the ductile fracture behavior of steels, which is typically represented
as the combination of the stress triaxiality and Lode angle parameter. The cleavage fracture properties of pipeline
steels at low temperatures are usually assessed under plane strain conditions, such as using the fracture mechanics
experiments. In this study, the cleavage fracture properties of a X70 steel at liquid nitrogen temperature (—196 °C)
are characterized over a broad range of stress states. A comprehensive experimental program is carried out by
performing tensile tests using various flat specimens of different geometries immersed in liquid nitrogen, including
shear, central hole, notched dog bone, and side grooved plane strain. Pronounced plasticity occurs prior to the
final fracture within the tested range of stress states at the very low temperature. Anisotropy effects are considered
by conducting tensile tests of fracture specimens along the rolling, diagonal and transverse directions. Finite
element simulations of corresponding experiments are performed using an evolving quadratic plasticity model to
extract the local stress state variables to establish the fracture criteria, which are formulated based on the critical
values of plastic strain and maximum principal stress. The fracture strain of the investigated material at liquid

nitrogen temperature is affected by the stress triaxiality, Lode angle parameter and loading direction.

1. Introduction

The prediction and prevention of cleavage fracture are of critical im-
portance for the integrity of pipeline structures. Fracture mechanics tests
with pre-crack configurations at low temperatures are widely used to
evaluate the cleavage fracture properties of steels with a body-centered
cubic structure. The plane strain condition and high stress triaxiality
in the fracture mechanics specimens are adopted to obtain conserva-
tive fracture toughness results (Anderson, 2017). It is also essential to
understand and predict the cleavage fracture behavior under other load-
ing conditions, with low to medium stress triaxiality, which has not been
fully explored.

The effects of stress states on ductile fracture have been investi-
gated in many damage mechanics studies, where a category of spec-
imen geometries is used to achieve a broad range of stress states
(Lian et al., 2012; Li et al., 2011; Mu et al., 2020; Dunand and
Mohr, 2010). The recent development of ductile fracture models has
revealed the effects of the third stress invariant on ductile fracture be-
havior (Bai and Wierzbicki, 2008; Shen et al., 2022; Xue, 2007, 2008;
Rice and Tracey, 1969; Bai and Wierzbicki, 2009; Lou et al., 2014;
Mohr and Marcadet, 2015). The triaxiality dependence of cleavage frac-
ture has been reported in some studies (Bass et al., 1999; Testa et al.,
2020). However, the influence of stress states on cleavage fracture, con-
sidering both stress triaxiality and Lode angle parameter, has only re-
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ceived relatively limited research attention. Even though the commer-
cial pipeline structures are not likely to be used at temperatures below
their ductile to brittle transition temperatures, a comprehensive charac-
terization of the fracture behavior of a pipeline steel over a broad range
of stress states is of critical importance.

To achieve an accurate prediction of fracture with the failure crite-
ria, the local stress and strain fields under different mechanical load-
ing conditions need to be precisely described by numerical models
(Beremin, 1983; Pineau et al., 2016; Pineau and Tanguy, 2010). Due
to the manufacturing history of pipeline steels, a certain degree of
anisotropy is usually observed in the mechanical properties, which can
be described using various constitutive models (Shinohara et al., 2016).
When significant plastic deformation occurs prior to final fracture in
modern steels with high toughness, the accuracy of the applied consti-
tutive model is playing a more critical role in the prediction of final frac-
ture. Therefore, it is aimed to perform an experimental and numerical
study to characterize the cleavage fracture of a pipeline steel considering
the effects of stress states and anisotropy in this study.

2. Material and experiments
To characterize the effects of stress state on the cleavage fracture

of a X70 pipeline steel, tensile tests have been performed using five
different specimen geometries, which are immersed in liquid nitrogen.
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Fig. 1. Demonstration of (a) specimen geometry and (b) corresponding stress states, modified from Bai and Wierzbicki (2008).

Flat tensile specimens with a thickness of 2 mm have been manufac-
tured out of a strip. The smooth dog bone (SDB) specimen is used to
characterize the uniaxial tensile properties of the material. The central
hole (CH), notched dog bone (NDB), shear (SH) and plane strain (PS)
specimens are used to investigate the fracture behavior under different
stress states. The sample geometries and corresponding stress states are
demonstrated in Fig. 1. To consider the effects of anisotropy, all ten-
sile specimens have been manufactured along three directions (00°, 45°
and 90°) with respect to the rolling direction, which is perpendicular
to the longitudinal direction of the pipeline. In this study, only tension-
dominated stress states (with zero and positive stress triaxiality) are con-
sidered in the experimental program.

Tensile tests have been performed using a Zwick machine under
quasi-static conditions with a crosshead speed of 0.4 mm/min. A con-
tainer filled with liquid nitrogen is attached to the tensile machine, as
shown in Fig. 2. Before starting the tests, the specimens have been im-
mersed entirely in liquid nitrogen and held for several minutes to reach
the desired temperature. During the tests, the force has been recorded
by the load cell. The recorded crosshead displacement has been con-
verted into the final displacement corresponding to a gauge length of
40 mm based on the experimental results at room temperature with the
identical geometry (Shen et al., 2020).

| iquid
11 | nitrogen
\ container

Liquid
nitrogen
tank

Fig. 2. Experimental setup for tensile tests at liquid nitrogen temperature.

3. Models

The pronounced plastic deformation behavior prior to final fracture
is described by an evolving quadratic plasticity model, which has been
proposed by Lian et al. (2018) and applied to describe the anisotropic
deformation of different materials (Shen et al., 2021). The anisotropic
effects in plasticity are captured by the Hill48 equivalent stress in the
yield criterion described in Eq. (1). The temperature effects on the
anisotropic plasticity behavior of this material can be described by a
thermal-dependent constitutive model developed by Shen et al. (2020),
where the flow stress is formulated as functions of plastic strain, temper-
ature and loading orientation. To achieve a more accurate description
of the plastic deformation, the anisotropic parameters in Eq. (2) have
been calibrated as continuous functions of plastic strain based on flow
curves obtained from uniaxial tensile tests at —196 °C.
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The stress states can be explicitly described by the combination of
stress triaxiality and Lode angle parameter, and some characteristic
stress states are summarized in Fig. 1. The stress triaxiality # and Lode
angle parameter @ are derived from the Cauchy (¢) and deviatoric (s)
stress invariants, according to Bai and Wierzbicki (2008).
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As the cleavage fracture process is typically composed of microcrack
initiation and crack propagation steps, a generalized Orowan fracture
model has been proposed by He et al. (2017). In this fracture model, a
stress state dependent critical plastic strain is adopted as the criterion
for microcrack initiation, while a critical value of the maximum prin-
cipal stress is defined as the crack propagation criterion (¢, > 6.). The
stress state dependence of the microcrack initiation strain is described
by a phenomenological function in Eq. (8). The probabilistic features of
cleavage fracture are also considered in the cleavage fracture model in
Eq. (9), where the failure probability is described using a Weibull dis-
tribution function. A more detailed description of the fracture criterion
can be found in Shen et al. (2022).
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4. Results

To consider the probabilistic characteristics of cleavage fracture be-
havior, seven repeating tests have been conducted for each loading con-
dition. The results from individual tests and the average results of the
force and displacement curves as well as the fracture points are shown in
Fig. 3 for the notched dog bone (NDB-R6) specimen along the 45°. The
overall very good repeatability is observed in the experimental results.
Therefore, the average results of the force and displacement curves in
combination with a scatter band are used in the following to represent
the experimental results for each loading configuration. From the ex-
perimental results of the NDB-R6 geometry shown in Fig. 3, it is evident
that a significant amount of plastic deformation occurs prior to frac-
ture in the material at liquid nitrogen temperature. In addition, both
the force and the final fracture displacement are dependent on the load-
ing direction, while the scatter in the fracture displacements is not very
pronounced. The fracture surface of the NDB-R6 sample along the 45°
is shown in Fig. 4, which is mainly composed of cleavage facets in these
specimens. These experimental results provide evidence that cleavage
fracture in bec steels can be triggered after significant plastic deforma-
tion at such low temperatures, depending on the microstructure and
loading conditions.

The finite element models of tensile specimens have been created
with a fine mesh (0.1 x 0.1 x 0.1 mm3) in the critical deformation
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region. The anisotropic hardening is described by calibrating the in-
dividual flow curves along three loading directions based on uniaxial
tensile tests at —196 °C. The calibration and validation procedures of
model parameters are similar to those described in ductile fracture sim-
ulations (Shen et al., 2020). The force and displacement curves of the
tensile tests using the NDB-R6 geometry along three loading directions
(00°, 45° and 90°) are shown in Fig. 5. The simulation results with the
evolving plasticity model are shown as solid curves, which are in good
agreement with the average experimental results represented by dotted
curves.

The local stress states of the critical elements in tensile specimens are
extracted from finite element simulation results. The critical element is
located at the symmetrical center in the notched dog bone specimens.
The accumulation of the equivalent plastic strain (PEEQ) and the evo-
lution of local stress state variables, stress triaxiality and Lode angle pa-
rameter, in the NDB-R6 geometry are shown in Fig. 6 for three loading
directions. The open symbols are corresponding to the average fracture
points for three directions. It is evident that both the equivalent plastic
strain at fracture and the history of local stress states are affected by the
loading direction, which is due to anisotropic effects. To consider the
effects of loading history, the averaged stress triaxiality and Lode angle
parameter are used to represent the overall local stress states.

Based on the seven parallel tests for each geometry and loading di-
rection, the distribution of the equivalent plastic strain at fracture ob-
tained from individual tests is described by a Weibull distribution func-
tion, which is shown in Fig. 7. Solid symbols are corresponding to seven
repeating experimental results. Solid curves are corresponding to the
fitting results of Weibull distribution functions with optimized param-
eters (€, £min and m) according to Eq. (9). In addition, the local max-
imum principal stress at fracture is also collected for different geome-
tries. With the collected local stress state variables and critical values of
plastic strain and stress, the stress state dependent fracture criterion at
liquid nitrogen temperature can be established for the material under
the investigated loading conditions. The calibrated fracture locus along
the 45° direction corresponding to three different failure probabilities is
also shown in Fig. 7 under the plane stress condition. Given the results
along the 45° direction as an example, it is noticed that the fracture
strain shows non-monotonic dependence on the stress triaxiality. The
fracture strain under shear conditions is lower than that under uniax-
ial tension conditions, which is due to the fact that the Lode angle also
affects the fracture strain.

Understanding the cleavage fracture is of crucial importance for the
integrity of pipeline structures. At extremely low temperatures, cleavage
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Fig. 3. Experimental results of tensile tests using notched dog bone specimen at liquid nitrogen temperature.
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Fig. 5. Force and displacement curves of tensile tests using notched dog bone specimens at —196 °C.

fracture is expected to occur without macroscopic plasticity in typical
pipeline steels. To avoid catastrophic failure, the well-established strat-
egy is to select materials that provide sufficient toughness properties
under application conditions. The results obtained in this study provide
essential evidence that cleavage fracture can be triggered after signifi-
cant plastic deformation at temperatures far below the ductile to brittle

transition temperature under controlled loading conditions. Therefore,
an important insight obtained from this study is that stress state, in addi-
tion to temperature, plays significant roles in determining the fracture
behavior of the pipeline steels as well. Controlling the loading condi-

tion, e.g., stress state, is also a promising strategy to improve the safety
of steel infrastructures under operating conditions.
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Fig. 7. Probabilistic distribution of fracture strain in the notched dog bone specimens and the fracture locus along the 45° at liquid nitrogen temperature.

5. Conclusions

Tensile tests have been performed at liquid nitrogen temperature us-

ing different flat specimen geometries to characterize the effects of stress
states on cleavage fracture in this study. Some important conclusions are
summarized as follows:

@

(2

3

Pronounced plastic deformation occurs prior to cleavage fracture in
the flat tensile specimens of the X70 pipeline steel at liquid nitrogen
temperature.

The cleavage fracture of the X70 steel also shows dependence on
stress states, which can be considered by the stress state dependent
microcrack initiation strain criterion under the investigated loading
conditions.

Both the plastic deformation and cleavage fracture properties are
affected by the loading direction. An anisotropic constitutive model
is applied to describe the deformation behavior at liquid nitrogen
temperature.
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