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Abstract: This work presents an investigation of the effects of temperature and crack growth on
cleavage fracture toughness for weld thermal simulated X80 pipeline steels in the ductile-to-brittle
transition (DBT) regime. A great bulk of fracture toughness (crack tip opening displacement—CTOD)
tests and numerical simulations are carried out by deep-cracked single-edge-notched bending (SENB)
and shallow-cracked single-edge-notched tension (SENT) specimens at various temperatures (—90 °C,
—60 °C, =30 °C, and 0 °C). Three-dimensional (3D) finite element (FE) models of tested specimens
have been employed to obtain computational data. The results show that temperature exerts only
a slight effect on the material hardening behavior, which indicates the crack tip constraint (as denoted
by Q-parameter) is less dependent on the temperature. The measured CTOD-values give considerable
scatter but confirm well-established trends of increasing toughness with increasing temperature and
reducing constraint. Crack growth and 3D effect exhibited significant influences on CTOD-CMOD
relations at higher temperatures, —30 °C and 0 °C for the SENT specimen.

Keywords: fracture toughness; coarse-grained heat affected zone (CGHAZ); X80 pipeline steels; weld
thermal simulation; finite element analysis (FEA)

1. Introduction

Significant effects of crack size and loading mode (bending vs. tension) on fracture toughness values
have been revealed from fracture mechanics testing of ferritic structural steels [1]. Previous numerical
investigations [2,3] illustrate the strong dependence of crack-tip fields on specimen geometry and
remote loading. According to experimental studies by, e.g., Sorem et al., [4] Joyce and Link [5],
and others, significant elevations in fracture toughness (characterized as J¢ or Kj¢) for shallow-cracked
specimens and/or subjected to tensile loading have been shown. With increasing loads in specific
objects, such as a cracked specimen or a structural component, the crack-tip plastic zone is increasingly
affected by the nearby traction free boundary according to small-scale yielding (55Y) theory. Due to
the crack tip stress relaxation, the constraint level of specimens decreases and further contributes to
the apparently increased toughness of shallow-cracked and tension-loaded geometries from fracture
mechanics testing [6-8]. The stress field surrounding the crack is influenced by the crack tip constraint,
which cannot be characterized by single fracture mechanics indicator. The second parameter, such as
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T-stress [9] or Q-parameter [10,11], has been proposed and developed to further describe the crack-tip
stress fields and quantify constraint levels for various geometries and loading modes.

High-strength low-alloyed (HSLA) steels increasingly used for high-pressure pipeline operation
and offshore structural installation. The installation of pipelines used for transporting oil and gas
sometimes takes place in severe environments, such as in the low-temperature region, where the
pipelines must have low-temperature toughness [12]. Thus, the major motivation for the improvement
of HSLA steels has been provided by the demands for higher strength as well as improved toughness,
ductility, and weldability at low temperatures [13,14]. Though the HSLA steels own the excellent
properties of tensile strength and ductile to brittle transition (DBT), according to the Charpy-impact
test investigation, the ductile brittle transition (DBT) on the basis of microscopic mechanism occurs
with decreases of temperature. On the other hand, X80 steel pipelines are exposed in extreme
low-temperature environments, and it is meaningful to characterize the fracture toughness with
temperature variations during the processing of DBT. The balance of high strength and toughness can
be deteriorated by welding thermal cycles, producing local poor toughness in the welded joints [15].
The heat-affected zone (HAZ) of a weldment is in many cases considered to be the weakest part and is
crucial in the failure of steel structures because of its heterogeneous microstructure produced during the
welding process [16,17]. Therefore, treatment of brittle fracture in weldment and HAZ is challenging.
In the 1990s, there was a significant focus on characterizing the local stress fields in weldment and
HAZ. SINTEF/NTNU developed the so-called J-Q-M theory (see, e.g., Zhang et al. [18-20]) where both
constraint effects due to geometry and material mismatch were included in characterization of the
local stress field ahead of the crack tip. In addition, some researchers have investigated the related
HAZ properties of high-strength steels on the basis of physical simulation, welding heat input effect
on HAZ in S960QL steel, and the matching effect on fatigue crack growth behavior of high-strength
steels GMA welded joints [21-24].

This paper mainly focuses on the single-edge-notched tension (SENT) and single-edge-notched
bending (SENB) specimens, which are usually used to characterize pipeline steels with thin-walled
thickness, as specified recently by a so-called SENT methodology to identify a SENT specimen(s)
to match the crack tip constraint of cracked pipe sections. The effect of constraint on the fracture
toughness of weld thermal simulated X80 pipeline steels in the ductile-to-brittle transition relationship
is clarified by combination of experimental assessment and numerical simulation. The fracture
toughness comparison of X80 steel SENB specimens (a/W = 0.5) under different temperature have
been presented in [25]. The material is determined by the increasing demand due to a great account of
applications for manufacturing high-strength pipes for the oil and gas industry. Fracture toughness (as
denoted by crack tip opening displacement (CTOD)) tests are performed at different temperatures,
—90 °C, —60 °C, =30 °C, and 0 °C. Both the traditionally used deeply cracked SENB specimens with
a/W = 0.5 and SENT specimens with a/W = 0.3 are used to characterize the crack tip constraint effect
on the fracture toughness in the ductile-to-brittle transition region. 3D nonlinear finite element models
are employed to analyze the crack-tip stress fields of tested specimens by considering the effects of the
constraint and without/with crack growth on fracture toughness. The numerical analysis is compared
with the experimental results.

2. Experimental Details

2.1. Material Description

The material used in our study is the HSLA X80-grade steel, which has a minimum yield strength
of 555 MPa (tensile strength 625 MPa). The nominal outer diameter of the pipe is 510 mm, and the
nominal wall thickness is 14.6 mm. The typical chemical composition of this material is listed in Table 1.
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Table 1. Chemical composition of the X80 steel (wt. %).

Steel C Si Mn P S Others
Mo, Ni, Cu,
X80 0.04~0.07 ~0.25 <1.8 <0.01 <0.001 Ti, Nb, V, Al

2.2. Weld Thermal Simulation Technique

The weld thermal simulation technique is used to obtain the tested specimens. The single welding
cycle simulation is intended to represent the coarse-grained HAZ (CGHAZ) of the welds [26], which has
been used in the preparation of weld thermally simulated specimens. In this study, the specimens were
heated to the maximum temperature of 1350 °C by resistance-heating in a computer-controlled Gleeble
weld thermal simulator (Figure 1a). The whole temperature vs. time history applied during the weld
thermal simulation can be seen in Figure 1b. The thermal history is described as a sequence of heating
and cooling intervals. The simulation was performed by heating the sample to 1350 °C for 2 s followed
by controlled cooling; the cooling intervals were 2 s in the 1350 °C-1200 °C range, and 15 s between
800 °C-500 °C. Thus, the T8/5 is 15 s. The synthetic CGHAZ microstructure was thereafter produced
in a certain region in the specimen where the fatigue pre-crack is introduced after being machined.
The prior austenite grain size of CGHAZ was measured to be about 50 um.
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Figure 1. (a) Gleeble weld thermal simulator; (b) temperature vs. time history during the weld
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thermal simulation.

2.3. The True Stress-Strain Curves

To characterize the material flow properties in 3D finite element model, the true stress-strain curves
of material (CGHAZ in X80) were measured by smooth round bar tensile tests at four temperatures
as shown in Figure 2. The results show that yield strength here slightly increases with decreasing
temperatures. There is also a weak trend of increasing work hardening with decreasing temperatures.
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Figure 2. True stress-strain curves in coarse-grained heat affected zone (CGHAZ) of X80 at various
temperatures [25].

2.4. Specimen Configurations and Test Program

The geometrical configurations are schematically drawn in Figure 3 for SENB and SENT specimens,
which are directly extracted from the X80 pipeline with specimen length along the pipeline longitudinal
direction and crack propagation following the pipe thickness orientation, as shown in Figure 3a. For all
specimens, a thickness of B = 10 mm and width of W = 10 mm with crack length (denoted by a),
to width ratio of &/W = 0.5 for SENB and 4/W = 0.3 for SENT specimens have been considered. The span
of the specimen, S, is chosen to be four times of width, W, for SENB (S/W = 4) and L/W = 3 for SENT.

SENT
specimen a
4%9”
e - specimen
Girth weld / \ \
[/ \ \
Ly Pipe \
seliols
(@)
Span=4W
[——— Em—— o
A/ B

4

EV Y 3" I
Ts
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Figure 3. Specimen configurations. (a) Schematic plot of the relationship between single-edge-notched
tension (SENT) and pipe; (b) single-edge-notched bending (SENB) with /W = 0.5; (¢) SENT with
a/W =0.3.

The SENB specimens are prepared and tested according to the standard of BS 7448 [27],
while the SENT fracture specimens are machined in accordance with the “Recommended Practice
DNV-RP-F108” [28]. Double clip gauge was used to digitally record the load-CMOD (crack mouth
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opening displacement) curves during the tests. The CTOD values are determined at the maximum
load through measured load-CMOD records. The tensile and bending tests were performed at four
different temperatures, —90 °C, —60 °C, —30 °C, and 0 °C. The testing rate is 0.5 mm/min of crosshead
displacement for each specimen. For each specimen geometry, 10 parallel tests have been carried out
at each temperature. After each test, the fatigue pre-cracking length and ductile crack extension that
occurred during the test were measured using an optical microscope. The notches were located in the
center of the weld, as can be seen in Figure 3.

3. Numerical Procedures

3.1. 3D Finite Element Models

3D finite element models were built using ABAQUS [29] for SENB and SENT specimens as shown
in Figure 4. Due to symmetry, one-quarter of the specimen is modeled for finite element analysis
considering the geometrical symmetry. A typical mesh configuration of elements surrounding the
crack front is used with a small notch (with a notch root radius of ¥ = 2 um) in front of the crack
tip. A 3D continuum element with eight-node, full integration (ABAQUS: C3D8), is used for FE
calculations. The X80 steel true stress-strain curves obtained from the smooth round bar tensile tests
at corresponding temperatures are applied for 3D model calculations. Meanwhile, the nonlinear
geometric effect (NLG) is considered in all the finite element analyses. The CTOD-value is extracted
from the displacement of a node in front of the initial crack tip [30].

le_B2 Le-212

2

Free surface

Free surface

(®)
Figure 4. 3D FE models (1/4 model). (a) SENB with /W = 0.5; (b) SENT with 4/W = 0.3.

3.2. The MBL (Modified Boundary Layer) Model

In calculating the Q-parameter (quantitative characterization of crack tip constraint), the MBL
model solution with T = 0 (here, T is the elastic T-stress, which is defined as constant stress acting
parallel to the crack and its magnitude is proportional to the nominal stress in the vicinity of the crack)
is adopted herein to represent the reference stress field for each case. Due to symmetry, only one-half
of the model has been used in the MBL model, as shown in Figure 5. The global finite element mesh
for the MBL model is drawn in Figure 5a. Similar models have been used in other studies [31-33].
Details of the mesh in the local region of the crack tip can be seen in Figure 5b. The MBL is a plane
strain model with the same mesh arrangement in front of the crack tip (with a notch root radius of
r =2 um) as in 3D models.
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Figure 5. Finite element mesh of the modified boundary layer (MBL) model. (a) Global mesh; (b) local
mesh around crack tip region.

4. Results and Discussion

4.1. Measured and Calculated Load-CMOD Curuves

The measured and calculated load-CMOD curves for all specimens at various temperatures
are plotted in Figure 6. Only mid-thickness values of CMODs are extracted through the specimen
thickness for all cases in this subsection. It can be seen that numerical simulations of load-CMOD
curves are in good accord with experimental results for all temperatures. The material becomes
quite brittle, which can be clearly seen from the flat fracture surface, and no significant crack growth
has been observed from optical microscope observations for both the SENB and SENT specimens at
lower temperatures, for example —90 °C and —60 °C. For the SENB specimens at —30 °C and 0 °C,
small subcritical (mostly less than 0.2 mm) crack growth has been observed; whereas evident crack
growth (Aa > 0.2 mm) have been observed for the SENT specimens at —30 °C and 0 °C. For the sake of
simplicity, no crack growth has been considered in the 3D models in this subsection.
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Figure 6. Comparisons of measured and calculated load-CMOD curves for SENB [25] and SENT
specimens at various temperatures. (a) 0 °C for SENB specimens, (b) —30 °C for SENB specimens,
(c) =60 °C for SENB specimens, and (d) —90 °C for SENB specimens, (e) 0 °C for SENT specimens,
(f) =30 °C for SENT specimens, (g) —60 °C for SENT specimens, and (h) —90 °C for SENT specimens.

According to test demands of SENT and SENB specimen, 10 parallel tests have been carried out at
each temperature. In addition, it can be argued that the transferability of the true ¢ — ¢ curve from
round thermal simulated tensile bar to the fracture mechanics specimens is quiet well. One thing
that should be noted is that the average crack depth for both the SENB and SENT specimens at each
temperature is used in these 3D models.

4.2. Measured CTOD-Values and Calculated Q-CTOD Relations at Different Temperatures

The results of fracture toughness (CTOD-value) as a function of temperature and their related
average curves for SENT and SENB specimens are presented in Figure 7. It shows that the average
CTOD values of SENT specimens at each temperature are obviously higher than that of SENB
specimens. To illustrate the scatter degree of fracture toughness test data in Figure 7, the statistical
characteristics are conducted quantitatively. The related analysis results for SENB and SENT specimens
are summarized in Table 2. According to the average CTOD variations in statistical characteristics,
these data increase with the temperature elevation from —90 °C to 0 °C for these two specimen
types. In addition, from the perspective of standards variation coefficient, it stands for the ratio of
the standard deviation to the mean. The higher the coefficient of variation, the greater the level of
dispersion around the mean. It can be seen from Table 2 that the dispersion of —30 °C test data is the
largest for SENB specimens, and —60 °C test data dispersion is the largest for SENT specimens. Thus,
a definite temperature-dependence on dispersion characteristic cannot be drawn from these test data.
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Figure 7. Crack tip opening displacement (CTOD) vs. temperature for HAZ in X80 pipeline steels.

Table 2. Statistical characteristics of test data for SENB and SENT specimens.

Specimens Statistical Characteristics -90°C -60 °C -30°C 0°C
Average values (mm) 0.031 0.029 0.065 0.152
SENB Standard deviation 0.021 0.011 0.064 0.096
Standard deviation 0.703 0.392 0.979 0.632

coefficient
Average values (mm) 0.125 0.119 0.658 0.63
SENT Standard deviation 0.055 0.151 0.284 0.098
Standard deviation 0.439 1274 0.432 0.155

coefficient

It shows that the fracture toughness tends to be scattered at each temperature. Also, the scatter of
fracture toughness increases rapidly with increasing temperatures (upper transition region), for instance
—30 °C and 0 °C, where a ductile mechanism is involved and cleavage instability may intervene
after a certain amount of ductile crack growth as have been observed from the tests, especially for
SENT specimens.

Additionally, the average fracture toughness values are higher for SENT specimens with a shorter
crack of /W = 0.3 compared to the SENB specimens with 4/W = 0.5 at each test temperature.
Moreover, this difference becomes larger with increasing temperatures.

The detailed effects of temperature and specimen geometry (as quantitatively characterized by
crack tip constraint—Q-parameter) on fracture toughness will be studied in the following. As has been
known, the J-Q methodology gives a direct measurement of the crack-tip stress field of interest that is
related to a reference field [10,11], and can therefore describe the evolution of constraint ahead of the
crack tip throughout the loading to large-scale yielding (LSY), where | sets the deformation level and
Qs a stress triaxiality parameter. In this paper, the Q-parameter has been used to quantify the crack
tip constraint for each specimen at each temperature.

The Q-parameter was originally defined as follows [10],

_ Ref
o0 000 — (069 )T:O/ x/(J/oo) =2, 0 = 0. 1)

00

where 0gg is the opening stress component of interest, (cggR¢/)7—¢ is the reference stress component
characterized by MBL model solution with T = 0, gy is the yield stress, and x denotes the distance from
the crack tip along the crack plane (0 = 0).
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CTOD is selected as the crack driving force in our stud; the following constrain effect definition of
Q has been used [27,28]:

Gppdpecimen _ (5 Refy
Q=% aé 06 )T*O, at x/CTOD = 4, 0= 0. @)

where 0gg*P*"" is the opening stress component of the specimen at a certain temperature, (g™ )T—0
is the reference stress component at the same temperature, and other parameters are the same as
defined in Equation (1). Only the distribution of the crack tip opening stress (022 at 0 = 0) has been
studied. In the following, the results of crack tip opening stress distribution at different CTODs are
presented in Figure 8 for specimens at 0 °C.
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) % )
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3 N\A\Af 3 :
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©—8=0.10mm SENB (T =0 T) —O— =040 mm SENT (T =0 <T)
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0 2 4 6 8 10 0 2 4 6 8 10
x/ CTOD x/ CTOD

Figure 8. Opening stress distributions ahead of the crack tip, T = 0 °C. (a) SENB; (b) SENT.

For SENT specimen as shown in Figure 8b, it demonstrates that the opening stress distribution in
front of the crack tip is nearly parallel to the reference stress field. However, global bending causes
the slope of the opening stress distribution to gradually deviate from the reference field for SENB
specimen, but still remainsquite similar, as can be seen in Figure 8a. Similar observations have also
been found for specimens at other temperatures while the results are not included herein for the sake
of simplicity.

The calculated Q-CTODs relations are displayed in Figure 9 for SENB and SENT specimens
at various temperatures. Only the mid-thickness layer was used to compute Q-parameter
herein. The Q-parameter stands for constraint effect decreases with the increases of CTODs.
Meanwhile, the Q-parameter for SENB specimen for each temperature level is considerably larger
than that of SENT at same CTODs, which means the crack tip constraint of SENB specimen is higher
than that of SENT as has been observed. Nearly constant Q-parameters have been computed for
all temperatures considered at the same CTOD values. The results present a weak dependence of
temperature on the constraint ahead of the crack tip that can be expected for SENT specimen compared
with that of SENB specimen.
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Figure 9. Q vs. CTODs for both SENB and SENT specimens, T = 0 °C, =30 °C, —60 °C, and —90 °C.

4.3. Measured and Calculated CTOD-CMOD Relations

As has been shown in Section 4.1, the experimental results are in good accordance with numerical
simulations for the load-CMOD curves for all specimens at each temperature; how the 3D finite element
models work for predicting the local fracture parameter as denoted by CTOD will be discussed in
this subsection.

Figures 10 and 11 draws the CTODs vs. CMODs relationship obtained from both experiments and
numerical calculations for all specimens at various temperatures without considering crack growth.
Still, only mid-thickness values of CTODs versus CMODs are extracted herein. It can be seen that
the tested results of CTOD-CMOD relations for the SENB specimens (Figure 10) can be quite well

predicted by 3D FEA results at all temperatures.
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Figure 10. CTOD vs. CMOD relations from experiments and 3D FE analyses for SENB specimens
without crack growth at different temperatures, (a) 0 °C, (b) =30 °C, (c) =60 °C, and (d) —90 °C [25].
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Figure 11. CTOD vs. CMOD relations from experiments and 3D FE analyses for SENT specimens
without crack growth at different temperatures, (a) 0 °C, (b) —30 °C, (c) —60 °C, and (d) —90 °C.

As for the SENT specimens (Figure 11), a certain difference between experiments and 3D
FE simulations can be observed at all temperatures. For small CTODs (less than 0.2 mm),
quite good accordance can be obtained between experiments and simulations for all temperatures.
However, the predicted CTOD values from the 3D models start to deviate from experimental results
with the increases of CTODs, especially for the cases at higher temperatures, 0 °C and —30 °C. This is
a remaining issue and more efforts are needed in further work, for example, the influences of local
inhomogeneity of microstructure in HAZ and ductile crack propagation can be considered to further
modify the models so as to improve the validity and accuracy of simulations with respect to the
experiments. In this respect, it is noted that no standard for CTOD measurements in SENT specimens
currently exists. The results in this paper warrant the need for further work in order to arrive at
a method for experimental measurements of CTOD in SENT specimens, which could eventually form

the basis for a standard document.

4.4. The Effect of Crack Growth on the CTOD-CMOD Relations

In this subsection, the effect of crack growth on CTOD-CMOD relations for the SENT specimen at
0 °C and —30 °C are considered in 3D models. Only mid-thickness values for both the CTODs and
the CMODs are plotted in Figure 12. The complete Gurson model (see Reference [34]) is involved in
calculating crack growth in 3D models. It can be seen that a significant elevation in fracture toughness
for SENT specimens by considering crack growth. Also, a wonderful agreement between experiments
and 3D FE simulations can be achieved by considering the influence of crack growth on fracture
toughness for SENT specimens at both 0 °C and —30 °C. It can be concluded that the ductile crack
extension is dependent on the temperature. In the low temperature range, it almost occurs at the
cleavage fracture. The ductile crack extension mechanism involved in the upper transition zone of
DBT, which cannot be ignored to predict CTOD-value for pipeline steel integrity assessment.
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Figure 12. Effect of crack growth on the CTOD vs. CMOD relations for the SENT specimens under
0°Cand 30 °C.

4.5. The Influence of 3D Effect on the Fracture Toughness

In order to find the influence of 3D effect on fracture toughness, the calculated CTOD-CMOD
relations at different layers through the specimen thickness compared with experiments are displayed
in Figure 13. Two cases of SENT specimens considering crack growth at 0 °C and —30 °C are selected
for this question. It can be seen that CTOD-CMOD values change considerably through the specimen
thickness. The greater the distance from the specimen mid-thickness, the greater the deviation from
experiments. In addition, the predicted CTOD-CMOD relations near the mid-thickness layer are
coincident well with the experiments.
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Figure 13. CTOD vs. CMOD relations at different layers through the specimen thickness for the SENT
specimens considering crack growth at (a) 0 °C; (b) —30 °C.

5. Conclusions

In this paper, the HAZ of X80 high-strength steel is studied by experimental and simulation
methods. The following conclusion can be drawn as follows:

(1) The HAZ of X80 hardening behavior exhibits a slight effect of temperature variations,
which indicates the crack tip constraint is less dependent on the temperature as also observed
from 3D FEA results.

(2) The predicted load-CMOD curves from 3D models are in good accordance with experimental
results at all temperatures. As for the local fracture parameter, as depicted with the CTOD-CMOD
relationship, the experimental data for the SENB specimens can be quite well simulated by 3D
simulations without considering crack growth. For the SENT specimens, a good agreement
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between experiments and numerical simulations can also be obtained by considering the effect of
crack growth in the 3D models.

(3) The tested CTOD-values show considerable scatter but confirm well-established trends of
increasing toughness with increasing temperature and reducing constraint.

(4) Cleavage fracture can be clearly observed for SENB specimens at all tested temperatures,
while ductile crack growth can be seen for SENT specimens at =30 °C and 0 °C.

(6) From 3D finite element analyses, it has been found out that the CTODs change considerably
through the specimen thickness. The predicted CTODs near the mid-thickness layer is coincident
well with the experiments for the SENT specimens at 0 °C and —30 °C. The greater the distance
from the specimen mid-thickness, the greater the deviation from experiments.
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