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Abstract

This work is part of a project that aims to develop a micromechanics based damage law taking into account hydrogen assisted
degradation. A ‘vintage’ API 5L X56N and a ‘modern’ API SL X70M pipeline steel have been selected for this purpose. The paper
focuses on an experimental calibration of ductile damage properties of the well known complete Gurson model for the two steels
in absence of hydrogen. A basic microstructural characterization is provided, showing a banded ferrite-pearlite microstructure
for both steels. Charpy impact tests showed splits at the fracture surface for the X70 steel. Double-notched round bar tensile
tests are performed, aiming to provide the appropriate input for damage model calibration. The double-notched nature of the
specimens allows to examine the material state at maximum load in the unfailed notch, and the final material state in the failed
notch. Different notch radii are used, capturing a broad range of positive stress triaxialities. The notches are optically monitored for
transverse necking in two perpendicular directions (transverse to rolling and through thickness) to reveal any anisotropy in plastic
deformation and/or damage. It is explained how the occurrence of splits at the segregation zone, and anisotropy complicate the
calibration procedure. Calibration is done for each steel and acceptable results are obtained. However, the occurrence of splits did
not allow to evaluate the damage model for the highest levels of tested stress triaxiality.
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1. Introduction

Hydrogen gas as an energy carrier is key in the transition towards a low-carbon economy, necessary in reducing
global warming [H2Europe (2020)]. Pipeline systems are used as an economical means for storing and transporting
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energy, potentially in the form of hydrogen gas. However, it is well known that hydrogen build-up in steel reduces
its ductility and toughness, and promotes cracking [Gangloff and Somerday (2012)]. This phenomenon is widely
acknowledged as hydrogen embrittlement. Accordingly, the effect of hydrogen on the mechanical behavior of pipeline
steel is extremely relevant, in order to give guidance in assessing the safety of a pipeline structure.

To this purpose, a micromechanics based damage model will be developed including hydrogen assisted degrada-
tion. The intention is to calibrate the numerical damage model using tensile tests on both uncharged and hydrogen
charged specimens. Fracture toughness tests will be performed to characterize the hydrogen assisted degradation of
the tearing resistance. Two pipeline steels have been selected, each manufactured using a different production process,
suggesting a difference in mechanical behavior, and in susceptibility to hydrogen embrittlement.

The first step in developing the model is characterizing the mechanical behavior of both steels in the absence of
hydrogen. This paper reports the framework and the results for the calibration of a ductile damage model for both
steels. The employed damage model is the complete Gurson model [Zhang et al. (2000); Su et al. (2020)] and should
be able to predict the onset of failure. It is discussed how two observed material effects (i.e. split occurrence and plastic
anisotropy) may complicate the calibration procedure of the model parameters. Finally, calibration is performed for
both steels and the optimal model parameters are obtained.

2. Materials characterization

Two pipeline steels that had been in service for numerous years have been selected. The first material is a grade API
SL X56N and was produced in 1965 by a normalized rolling process. The pipe from which specimens are extracted
has an outside diameter of 914.4mm (36”) and a measured wall thickness of around 15.5mm. The second material has
grade API 5L X70M and was produced in 1991 by a thermomechanically controlled process (TMCP). The pipe has
an outside diameter of 1016mm (40”") and a measured wall thickness of 15.8mm. Both pipes have a longitudinal seam
weld. The two materials are further referred to as ‘X56” and ‘X70’ respectively.

The constitutive behavior was characterized by means of uniaxial tensile tests in the longitudinal (L) direction,
according to ISO 6892-1 (2016). To provide statistical reliability, three tests were performed for each material. The
specimens were extracted with a rectangular cross-section covering most of the wall thickness. Table 1 summarizes
the key values characterizing yielding, plasticity and ductility; the yield strength Ry s, the tensile strength R,,,, the yield
to tensile strength ratio R, s5/R,;, and the elongation at fracture A. A larger strain hardening (indicated by the smaller
yield to tensile ratio) and a larger ductility is observed for the X56 steel.

Table 1: Tensile properties of the investigated pipeline steels (longitudinal to pipe axis). Average and standard deviation based on three tests is
reported.

Pipeline steel grade Ry 5 [MPa] R,, [MPa] R 5/Ry [-] A [%]
API 5L X56N 391 +3 579 +2 0.68 + 0.004 274+1.0
API 5L X70M 508 + 4 614 + 1 0.83 + 0.004 20.2+0.2

The chemical composition of both materials is given in Table 2. The X56 steel has a larger carbon content than the
more modern X70 steel, and contains more impurities in the form of sulfur and phosphorus. A basic microstructural
characterization is provided by means of light optical microscopy (LOM) in all three principal planes. In Figure 1
a heterogeneous microstructure in the form of alternating ferrite-pearlite layers can be noticed, which is typical for
these steels. A grain size analysis in the transversal plane according to the Heyn lineal intercept method [ASTM E112
(2010)] resulted in an equivalent average ferritic grain size diameter of 7.2 um and 3.9 um for the X56 and X70 steel,
respectively.

Charpy V-notch specimens were extracted with their longest direction and the crack propagation path in the lon-
gitudinal (L) and the transversal (T) direction of the pipe, respectively, according to ASTM E23 (2007). The average
Charpy V-notch impact energy obtained at room temperature was 70 J and 177 J for the X56 and X70 steel, respec-
tively. Furthermore, it must be noted that severe splits could be observed on the fracture surface of all X70 specimens,
with the most severe occurrence for the lowest temperature, visible in Figure 2. The separations occurred perpendic-
ular to the fracture face and parallel to the crack propagation direction. This type of separation is often refered to as
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Table 2: Chemical composition of the investigated pipeline steels in weight percentage.

Pipeline steel grade C Mn Si Cr Ni Nb \% Mo Cu S P
API 5L X56N 0.230 1.392 0.364 0.067 0.062 0.002 0.002 0.022 0.122 0.036 0.024
API 5L X70M 0.108 1.633 0.426 0.030 0.022 0.054 0.068 0.002 0.018 0.003 0.015

(a) X56 (b) X70

Fig. 1: The microstructure in the longitudinal (L), transversal (T) and through-thickness (S) direction, assessed using LOM of the (a) X56 steel and
(b) X70 steel

Fig. 2: Fracture surface of Charpy specimen of X70 material at lowest test temperature (-80°C). The crack-divider type of split is evident.

crack-divider type in literature [Haskel et al. (2014); Ruggieri and Hippert Jr. (2015); Davis (2017)]. Accordingly, the
splits run corresponding to the alternating banded ferrite-pearlite microstructure, in the transversal (T) direction.

3. Experimental framework
3.1. Specimen geometry

Calibrating the complete Gurson damage model will be done based on the matching of experimental load-
deformation curves resulting from tensile tests, with numerical load-deformation curves from simulations. Different
specimen geometries have to be employed, in order to obtain different stress triaxialities. Standard smooth round bar
specimens and double-notched round bars were manufactured according to Figure 3. Note that the minimum cross-
sectional diameter of the notched round bars is also equal to 6mm.
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Fig. 3: Specimen geometry of (a) the smooth round bars and (b) the double-notched round bars
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Fig. 4: Stress triaxiality values extracted from the central element of a notched specimen

The use of two notches was proposed by Kim et al. (2018). The idea is that both notches will behave similar up to
maximum load, after which one notch starts necking while the other begins to unload elastically. This type of specimen
allows two damage states to be investigated microscopically after testing, one of which is the state at maximum load.

The notched specimens were designed with three different notch radii, R = 1.2mm, 2mm and 6mm. A preliminary
finite element (FE) study indicated that these radii cover a broad range of positive triaxiality values. Figure 4 shows
the evolution of triaxiality as a function of the plastic strain, obtained at the center element of the notched region
where the highest triaxiality can be found. With decreasing notch radius, the stress triaxiality attained at the center of
the specimen increases. Note that the smooth specimen is denoted with Reo, and that its stress triaxiality at small scale
yielding conditions attains the theoretical value of 1/3 for uniaxial loading.
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Fig. 5: Diameter reduction during the test for a double-notched R6 specimen (illustration for material X56)

3.2. Experimental method

During the tensile test, the deformation of the notch must be measured. Since it is uncertain to know a priori which
notch will fail, an extensometer is positioned over each notch, measuring the axial elongation. The lateral contraction
of the notch was monitored optically using regular digital single-lens reflex (DSLR) cameras. The cameras were trig-
gered at a fixed frequency such that about 100 pictures per test were anticipated. Lighting conditions were tuned to
obtain a high-contrast picture. This facilitates the extraction of the edge of the specimen, and thus the diameter con-
traction. To allow the evaluation of potential anisotropy of both steels, two cameras were positioned perpendicularly,
observing the contraction in both the transverse (T) and the through-thickness (S) direction.

The pictures were processed using Python (3.8) and ImageJ (1.53c) by applying a brightness threshold. Figure 5
illustrates the result of the postprocessing algorithm for a specimen with notch R6. The original picture is presented
on the left, and on the right the thresholded image and the calculated diameter are demonstrated. As a result of the
high contrast between the specimen and the background, the sensitivity of the selected brightness threshold on the
resulting diameter is limited.

4. Experimental results
4.1. Force-displacement

Figure 6 provides the force F versus the axial elongation AL extracted from the extensometer positioned at the
failed notch. The tensile test data for the smooth bar from the X56 steel does not go till fracture, since necking
occurred close to the extensometer legs. The figure shows that the maximum force increases with decreasing notch
radius, while the elongation decreases. This is explained by the increased triaxiality with a decreasing notch radius
[Oh et al. (2007)].

Interesting is that the tensile results for the specimens with notch R1.2 of both steels and notch R2 of X56 do
not show smooth behavior in the plasticity region. A rather sudden drop in the force is observed, indicating that
the specimen abruptly loses load-carrying capacity. Fractography of the R1.2 notch of the X70 steel showed the
occurrence of a split along the transversal direction, similar to the Charpy tests (Figure 7). In addition, Figure 7(b)
shows that the split took place in the highly-banded, impure segregation region, at the center of the specimen. The
cause of the split is believed to be the occurrence of a high normal stress in the through-thickness direction at the
center of the specimen, combined with a weak interface between adjacent layers at the segregation zone. The fracture
surface of the X56 specimens showed less severe splits, yet separation happened there as well along the pearlite-ferrite
layered structure.

It is apparent that the occurrence of these sudden drops in force will pose a significant challenge with respect to cal-
ibrating the damage model. First of all, the ductile damage model is unable to model the brittle-like separation between
the different layers. Moreover, the high triaxiality obtained at the center of the specimen drops upon separation.
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Fig. 6: The force F versus axial displacement AL for (a) X56 steel and (b) X70 steel
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Fig. 8: The force F versus lateral diameter contraction AD for (a) X56 steel and (b) X70 steel. The contractions in the through-thickness (S)
direction and the transverse (T) direction are shown by the full and the dotted line respectively.

4.2. Force-contraction

Besides the axial displacement, the lateral deformation of the notch is employed to calibrate the damage model. By
correlating the processed pictures with the corresponding force, the diameter contraction as a function of load in both
the S and the T direction can be obtained. The results are presented in Figure 8.
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Fig. 9: Comparison of the diameter contraction AD in both directions for both steels for a specimen with notch R6

First of all, the occurrence of splits is also visible in Figure 8. In addition, the difference in diameter contraction
AD between the through-thickness (S) and the transversal (T) direction is interesting. For the X56 steel, no signif-
icant difference can be observed, indicating macroscopic isotropic behavior. However, the X70 steel results reveal
significant plastic anisotropy. The comparison of lateral contraction in both directions is shown in Figure 9 for both
steels, for a specimen with notch R6. Also, the fracture surfaces of both specimens are given. Note that, although the
X56 steel exhibits macroscopic isotropic behavior, small splitting cracks parallel to the transverse direction can be
observed. The presence of plastic anisotropy for the X70 steel results in an additional challenge for calibrating the
damage model.

5. Damage model calibration
5.1. Complete Gurson model

The numerical ductile damage model that will be used is the complete Gurson model (CGM) [Zhang et al. (2000)].
It is micromechanically based, and therefore describes the complete ductile fracture process, including void nucle-
ation, growth and coalescence. The advantage of CGM over other Gurson-type models, is that the critical void volume
fraction f, is not a material constant in CGM, but depends on the local stress and strain fields through Thomason’s
plastic limit load model [Younise et al. (2017)].

The model assumes that each element has a certain void volume fraction f, specifying the evolution of damage. An
initial void volume fraction fy is assigned, and complete failure occurs when f reaches the final void volume fraction
f7. The complete Gurson model consists out of the constitutive equation of Gurson-Tvergaard & Needleman (GTN),
complemented by the void coalescence criterion of Thomason [Zhang et al. (2000)]:

2
¢(0',5',f*)=(%) +2q1f*c0sh(3q2260_—h)—1—q3f*2=0 )
o 1 2 B
— _ s _ 2
;—(a(r 1) + \/;](1 re) 2)

Equation 1 gives the constitutive GTN yield criterion with o the stress tensor, & the current flow stress, f* the
effective void volume fraction, o, the von Mises stress, o, the hydrostatic stress, and g1, ¢», g3 empirical constants.
Equation 2 presents the criterion for void coalescence to occur. In this equation, o is the current maximum principal
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stress, r the void space ratio defined as r = \3/(3 flamearate [(\eete [2), ¢ the principal logarithmic strains and «, 8
constants. In order to improve the numerical effect of coalescence, the void volume fraction f is artificially accelerated
upon coalescence and is represented by the effective void volume fraction f* [Zhang et al. (2000)].

The increase in void volume fraction f is governed by the sum of two contributions: the growth of ex1st1ng voids
fgrowth and the nucleation of new voids f,,uclm,,on Void growth can be derived from mass conservation as fgmwth =
a-f )Ekk, with ekk the trace of the plastic strain rate tensor. Void nucleation is based on the strain-controlled approach
proposed by Chu and Needleman (1980):

2
; fN 1 egq_EN .p
nucleation = —  — — | e 3
f leation SN\/ECXP 2 SN €eq (3)

with eeq the equivalent plastic strain, fy the void volume fraction of void nucleating particles, sy and €y the standard
deviation and the mean nucleating strain respectively.

5.2. Calibration procedure

The complete Gurson model consists in total of eight parameters (ey, sy, fv; fo, ff; 91, g2, q3) that need to be cali-
brated for a given material. Typically, these parameters are obtained through a combination of literature identification
and matching numerical simulations with experimental results of tensile tests using specimens with varying stress tri-
axialities. The calibration process may be assisted by metallurgical investigations or chemical analysis, aimed at quan-
tifying the initial void volume fraction. It is common to select parameters ey, Sy, 41, g2, g3 based on available literature,
and to fit the remaining parameters fy, fy, f; to obtain the closest match with the experimental results [Rahimidehgolan
et al. (2017)]. This approach is adopted in the present work. Five parameters are fixed to typical values suggested in
literature [Rahimidehgolan et al. (2017); Oh et al. (2007)]: ey = 0.3, sy = 0.1,4; = 1.5,9> = 1.0,93 = 2.25. An ob-
jective function is constructed, representing the difference between the experimental and numerical force-elongation
and force-diameter reduction curves, in the form of the root mean square error (RMSE). The RMSE regarding the
elongation and the contraction are summed up, and the objective function is obtained. Finally, the optimal parameter
set fy, fo, f is obtained by selecting the minimal objective function.

The results of the tensile tests revealed two significant challenges that must be dealt with: occurrence of splits
and plastic anisotropy. Regarding anisotropy, the most pragmatic approach is to calibrate the model using the average
diameter contraction (ADg + ADr)/2, effectively ignoring the anisotropic behavior present in the material. A more
rigorous alternative would be to explicitly include plastic anisotropy into the numerical damage model. For example,
Hill’s anisotropic yield criterion might be implemented [Hill (1998); Rivalin et al. (2001)]. The explicit modelling of
anisotropic plasticity requires more tensile tests in different directions to capture the anisotropic behavior properly,
and is therefore not preferred in this work. Concerning splits, the adopted approach is to exclusively use the part of
the load-deformation curves before the occurrence of a split. This approach is very simple, but the disadvantage is
that mainly plasticity with only limited damage is taken into account for the high-triaxiality specimens. An alternative
could be to explicitly model the split that was observed in the experimental tensile tests, for example by combining
cohesive zone elements modelling separation, and Gurson elements modelling the ductile crack propagation. This
approach has already been successfully employed to model splits in Charpy impact tests [Davis (2017)].

5.3. Results

The optimal parameter set for both materials is provided in Table 3. The experimental and numerical force-
elongation and force-contraction curves are presented in Figure 10. Note that the data of the experimental curves
used for calibration (i.e. before split occurrence) is represented by full circles. Furthermore, the averaged diameter
contraction is set out, since this quantity is used for the calibration. It is apparent from the graphs that a good fit
between the simulations and the experiments is obtained. This suggests that the approaches selected for dealing with
the observed material effects might be adequate for our specific research goals, a hypothesis that will be investigated
in further work.
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Table 3: Calibrated damage model parameters of the complete Gurson model (CGM) for both pipeline steels

Pipeline steel en SN N fo Jr q q2 q3
X56 0.3 0.1 0.0299 0.00189 0.376 1.5 1.0 2.25
X70 0.3 0.1 0.0160 0.00012 0.446 1.5 1.0 2.25
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Fig. 10: Comparison between experimental and numerical finite element (FE) load-elongation (F — AL) and load-contraction (F — AD) curves for
both investigated steels. The experimental data used for calibration is represented by full circles.

6. Conclusions

This paper presents a method to calibrate the complete Gurson model (CGM) for two pipeline steels (API 5L
X56 and API 5L X70). Both steels show a heterogeneous microstructure, consisting of alternating ferrite-pearlite
layers. Material characterization by means of tensile tests and Charpy impact tests established the differences in
behavior of both materials. Splits could be observed on the fracture surface of the Charpy specimens of the X70
steel. Tensile tests on double-notched round bars and smooth round bars achieved a broad range values of stress
triaxialities. During the test, the axial elongation is measured, and the lateral contraction in two directions at the notch
is monitored optically. The deformation data from the tensile tests reveals two major challenges with respect to the
calibration of the model. Firstly, splits manifested by a sudden force drop and a sharp crack were observed in both
steels, for the geometries with the sharpest notch. A preliminary microstructural investigation showed that the split
propagated along the banded ferrite-pearlite layers, and occurred in the segregation zone of the pipe. Since a ductile
damage model cannot incorporate the brittle-like concept of a split, the current study discarded the experimental data
after split occurrence. Secondly, from the analysis of the lateral diameter contraction in different directions it can be
concluded that the X70 steel shows notable anisotropic plasticity, unlike the macroscopically isotropic X56 steel. As
a first step, anisotropy is ignored and the damage model calibration is done using the averaged diameter contraction.
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When comparing the experiments to the simulations using the calibrated model, satisfying results were obtained for
both steels.
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