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Abstract This paper provides some critical review of the history and state of two elastic fracture
mechanics (K and T) and relationship to crack paths. A particular attention is given in the case of hydrogen
embrittlement. A fracture toughness transferability curve (K,.-Tef) has been established for the X52 pipe
steels described by a linear relationship where T is the average value of T stress over the characteristic

length of the fracture process. A mechanism involving influence of the 7, -stress on void growth for

ductile failure is proposed; the effects of hydrogen on crack paths from the viewpoint of microstructural
aspects are disputed.
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1. Introduction

Fracture toughness is now considered as not intrinsic to material but depends on geometry,
thickness, loading mode and more generally to constraint. Recent numerical and experimental
studies have attempted to describe fracture in terms of two or three fracture parameters [1-3].The
elastic stress fields in a region surrounding the crack tip can be characterized by the following
solution [1]:

K
0y = Ty IO+ 15,5, + 4, V2 +0(r) (1)

where K is the stress intensity factor, f;(6) is the angular function, &, is the symbol of Kronecker’s

determinant. A polar coordinate system (7,6) with origin at crack tip is used. Several methods have
been proposed in literature to determine the T-stress for cracked specimen. The stress difference
method has been proposed by Yang et al. [4]. It was noted [5-8] that T-stress characterizes the
local crack tip stress field for elastic linear material, and the elastic plastic material with the
restriction of small-scale yielding conditions. Various studies have shown that T-stress has
significant influence on fracture toughness, crack growth direction, As; has some influence crack
stability [9-15].

The K-T and K-A; approaches lead to a two-parameter fracture criterion. With K as the driving
force and T or Asa constraint parameters, a master failure curve can be successfully used to take
into account the constraints of stress fields for various proposed geometry and loading structure
configurations. Recently, the master curve has been evolved into a mature technology for
characterizing the notch fracture toughness to quantify constraint effects for different testing
specimen and structures [16].
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The effect of T-stress on crack paths has been investigated for various specimen configurations and
materials [17-19]. But some results of the crack path estimation give ambiguous data; for example,
it was shown [20] that if the T-stress in front of a flat crack is negative then the crack grows along
the crack plane. In the case of a positive T-stress, the crack deviates from its initial plane. It was also
observed that the crack did not turn immediately when the T-stress became positive but at a
considerably higher value. The method employed in Ref. [21,22] was developed for a kink which is
formed at a given angle to the main crack [23]. Actual attention has been paid to problem of
hydrogen pipeline systems due to strong world asking in energy and environmental problems. One
future way is to use hydrogen as energy vector. In one European project [24], hydrogen transport
will be provided way by adding hydrogen to natural gas in existing networks. Experience shows
that the majority of pipeline failure initiates from defects or cracks [25-27]. Effects of transported
hydrogen affect material mechanical properties, namely, hydrogen embrittlement [28,29]. The
external environmental conditions cause free corroding processes, where hydrogen is product on
metal surface as result of cathodic counterpart of the anodic dissolution reaction [30,31]. The gas
pipeline industry recognizes this well as a major problem.

The aim of present work is to study the influence of hydrogen coupled with constraint (T stress is
used as constraint parameter) on master failure curve and crack path direction and stability. In the
first part the influence of hydrogen on master failure curve determined from fracture tests
performed on different specimens geometries (CT, SENT, RT and DCB) has been studied. In a
second part, fracture path under low constraint (negative T-stress) has been studied. Fracture has
been obtained by burst tests under hydrogen pressure of pipes. In the third part, fracture path under
high constraint (positive T-stress) has been studied from fracture of DCB specimens. Finally, a
proposed mechanism of crack extension with constraint and hydrogen embrittlement has been
proposed.

2. Material

The material used in this study is an X52 steel meeting requirements of API 5L standard. API X52
steel was the most common gas pipeline material for transmission of oil and gas during 1950-1960.
Chemical composition of the studied steels is given in Table 1. In table 2, the mechanical properties

of API X52 steel have been presented. E,0,,0,, A%, n, k and K; are the Young’s modulus, yield

stress, ultimate stress, elongation at fracture, strain hardening exponent and hardening coefficient of
Ramberg-Osgood law, and fracture toughness, respectively. Stress strain curves of X52 steel have
been determined with and without hydrogen absorption and reported in Figure 1. Classical tensile
properties such as yield stress and ultimate strength increases also when hydrogen is absorbed in
steel as indicated in Table 2. A small increase of yield stress has been noted (2.5%) as an important
reduction of elongation at failure (38%). Static stress-strain is obtained by fitted tensile test results
using hardening power law o=K.e" . Microstructure of API 5L X52 steel in the longitudinal and
transverse orientation is shown in Figure 2 (a) and Figure 2 (b), respectively. These pictures show
the distribution of the ferrite and pearlite with respect to orientation. The distribution of pearlite in
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upper surface (Figure 2.a) appears to be relatively isotropic when compared to the pearlite bands in
inner the surface (Figure 2.b). However, Figure 2 shows pearlite bands in different sections of the
API 5L X52 specimen.

Table 1. Chemical composition of API X52 steel (weight %).
C Mn | P Si |[Cr |Ni |[Mo |S Cu| Ti Nb Al
0.2211.220 | - 10.240 | 0.16 | 0.14 | 0.06 | 0.036 | 0.19 | 0.04 | <0.05 | .032

Table 2. Mechanical properties of API X52.

E,GPA | o,,MPa | o,,MPa | A % n K | Kic MPam

210 410 528 32 0.164 | 876 116.6

stress (MPa)

Temsile

100

Tensile strain | mm/mm)

Figure 1. stress strain curves of X52 pipe steel with and without hydrogen absorption.
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(a) Upper face in circumferential sense (b) Upper face in longitudinal sense (c) inner surface in longitudinal sense

Figure 2. X52 metallographic sections showing ferrite-pearlite microstructure with bands (nital etching-
originally taken at (a) 100x and (b) 500x)

3. Influence of Hydrogen on Master Failure Curve

Due to the assumptions, that pipes failure emanates mainly from external interferences i.e. that
defect promoting failure are considered as notch, the notch fracture toughness (critical notch stress

intensity factor) k. and the critical effective T-stress (7,,.) were employed to describe the material

failure curve K, =f (Te_f-’c). The critical notch stress intensity factor K, is determined by the

Volumetric Method (VM) [32]. Averaging the T-stress distribution inside the effective distance
(determined by Volumetric Method), the effective T-stress (Ter) can be defined in the following

-
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form:

T, ——j L ()0(r) (3)

K,—T,. has been determined with [6] and without[2] the presence of hydrogen. Different
specimens geometries (CT, SENT, RT and DCB) are used, all with a notch and a depth ratio of 0.5
(a/t = 0.5). Specimens have been submitted to hydrogen environment during 30 days. Fracture
initiation is detected by acoustic emission and provides load for crack initiation P;, more details are
given in [12]. Results are compared with results of [2] and summarized in Figure 3. The material
master curve is approximated by the following equation

K,=aT, +b (4)

-
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Figure 3. The experimental assessment points ( K ) and the material failure curve K | . = f (T
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X52 pipe steel with and without hydrogen effect [6].

where a =-0.0843 and b =71.6785 for the X52 pipe steel without hydrogen embritlement and a =-
0.0741 and b = 77.83 for the X52 pipe steel with hydrogen embrittlement. One notes a small
decreases of fracture toughness decreases in the range [5.8 %— 9.8 %] when T increases in the
range [- 400 MPa- +100 MPa] with a small difference for SENT specimen and larger for DCB
specimen (about 10 %). One note a parallel with the decrease of fracture resistance in term of
master failure curve and increase of the yield stress after hydrogen introduction. A small increase of
yield stress has been noted (2.5%), as an important reduction of elongation at failure (38%). Also
one notes that increasing the yield stress increases the constraint parameter.

4. Hydrogen and Constraint Effect on Kinking Direction

4.1 Fracture under low constraint

Fracture of pipe under internal pressure is performed under low constraint. Notched tubes were used
for burst tests under pressure of hydrogen gas. Tubes were manufactured with steel X52, which

A-
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chemical composition, mechanical properties at elongation and environmental conditions of tests

are given in [33].

0
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Figure 5. Burst tests of the model specimens made from Ukrainian tube:

a - elastoplastic failure; b — catastrophic brittle fracture.

Tubes-specimens have a longitudinal notch on the outer surface and their geometry is given in
Figure 4. Pipes were tested until burst according to the test sequence described in Figure 5. T-stress
distribution indicates that T stress is negative and increases with internal pressure (see Fig.6). Test

results showed that burst pressure for test in methane is equal p,,,. =118 bar and burst pressure

for test in hydrogen is equal p,,,, = 122bar . Therefore, there is no gaseous hydrogen effect on the

strength of notched pipes for considered testing conditions. At this critical pressure effective
T-stress Ter is equal to — 22.268 MPa. This negative value indicates a relatively low constraint.
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Figure 6. Evolution of T- stress versus distance over ligament. Pipe submitted to internal pressure.
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After burst tests, fracture surfaces were examined with a Scanning Electron Microscopy (SEM) for
determination of fracture initiation points and also for checking of eventual fracture surface
modification under influence of hydrogen. It has been found for hydrogen tests, inner fracture
surface is characterized by an array of surface cracks (see Fig. 7-a). Careful examination shows that,
surface cracks density is higher and average crack length is smaller. View of surface cracks under
hydrogen conditions is given in Fig. 7.b at magnification X250.

(b)

Figure 7. (a) surface cracks mesh at the edge of fractured notch for test in hydrogen. (b) magnification X250.

Examination of the notch bottom shows that fracture is originated at centre of notch
(+1 at 2 mm ).The mechanism of fracture initiation is developing of micro cracks from notch
bottom (Fig. 7.a). Generally fracture surface consist of two parts. First part is a flat surface created
by micro cracks growth from notch bottom and second part is final failure surface, which is made
by shear mechanisms. This second part prevails at the inner surface of tube along notch and it may
be considered as final ductile failure (Fig. 8.a). For test in hydrogen, the following aspect was
observed. There is alternation of brittle and ductile sites of fracture character (Fig.8.b). The depth of
particular surface aspect doesn’t exceeds a distance of about 50 um from notch bottom. No crack
bifurcation was observed with or without hydrogen and this fact is considered as the result of
fracture occurring under low constraint.

(b)
Figure 8. (a) Micro cracks at the notch bottom as source of fracture initiation for test in hydrogen. (b)

fracture character at the inner surface.
4.2 Fracture under high constraint

Fracture tests have been made on DCB specimen made in X52 steel. Geometry and dimensions of
specimen is aregiven in figure (9).
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Figure 9. Geometry and dimensions of DCB specimens made in X52 steel.

Effective T stress has been determined by computed T stress distribution by Finite Element method
along ligament and applying the Stress Difference Method, SDM [4]. Effective T stress distribution
is presented in Figure 10. T is positive and indicates a low of constraint. Te at failure is equal to
(+151.657 MPa). Observation of hydrogen effects by SEM on crack paths is shown in Figure 11
on CT and DCB specimens. Presences of hydrogen also induce another feature on crack growth
that will contribute to the acceleration effect. A comparison is made with CT specimen which
develops higher constraint. For CT in air and hydrogen crack grows perpendicular to the principal
opening stress in mode I. For DCB under hydrogen, there is facility to extend crack in
perpendicular direction and this could cause microscopic deviations in the crack path (Figure 11).
These deviations can lead into crack branching or kinked crack paths [12].
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Figure 10. Evolution of the T-stress along of ligament for DCB specimen.
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Figure 11. Observation by SEM of the cracks formation in pipeline during its service in different

environments: air and hydrogen for CT and DCB specimens.

Crack propagation in air shows perlite debonding and ferrite matrix cracking as in Figure 12. In air,
crack propagates by mode I in ferrite phase. Somes cracks are arrested in the perlitic phase, and
continue as second crack in ferrite. Extension of second crack, is probably prolongation of the
first crack in third dimension. The perlite phase play the role of crack arrestator.
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(a) 40pm (50X) (b) 100um (20X)
Figure 12. Optical photographs for cross section through the cracks and secondary cracks (a) —without

hydrogen & (b) —hydrogen environment

With hydrogen environment, fracture is sometimes initiated from secondary cracks and very close
to the surface due to pitting under hydrogen attack as shown in Figure 12.b. The crack stress field
will produce a strain magnification in adjacent micro-cracks and penetration of hydrogen atoms will
result in further cracking of ferrite phase at the crack tip. The crack cross the perlitic phase and will
propagate in the straight direction, facilitating hydrogen propagation and weeping.

5. Discussion

It can be seen that critical effective T,.-stresses have the influence on crack paths. Pipe  submitted
to internal pressure has higher negative critical value of the T-stress, T,., range and consequently
lower constraint in comparison with bending specimens. SENT and CT specimens have also a high
negative value of the T,z .-stress for cracks emanating from notch tip but lower than a notched
pipe. For these specimens and pipe submitted to internal pressure, crack extension is observed
along x direction, i.e. perpendicular to the principal tensile stress (Fig. 13.a). DCB specimens
exhibits a particular positive Tes.-stress values ( Fig. 13.b). In this case, crack bifurcation appears
after fracture initiation.

@) (@)

Figure 13. Kinking direction for (a) SENT and CT specimen, (b) DCB specimen.

Crack extension in API 5L X52 steel is governed by ductile failure mechanism, namely, nucleation
of microvoids, growth and coalescence of these microvoids. However, pipe under internal pressure,
CT, and SENT specimens, voids close to the notch are not elongated along the direction of loading
but are elongated along shearing stress direction component which induced failure by mode II
superimposed with mode I. Therefore, crack extension has a zigzag path characteristic of mixed
mode (I + II failure mode). This zigzag mechanism can be seen on Figure 14.a with and without the
hydrogen effect.
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(a) strong negative T stress (b) low negative T-stress (c) positive  T-stress

Figure 14. Proposed mechanisms for ductile crack extension under negative or positive 7, . -stresses.

ef ¢

For DCB specimen, the T-stress component is positive and voids are elongated closed to shearing
direction. Crack path is linear along a direction which is close to pure mode II bifurcation angle
(70°) (see Fig. 14.b). Therefore, ductile crack extension is governed by the intensity of shearing
mode induced by the T-stress. Thus, the following model of crack extension can be assumed to
describe crack paths as a function of the critical effective T-stress. Due to hard particles inside voids
(these particles promote voids nucleation by stress concentration), voids cannot be closed by
compressive (negative) T-stress and crack extension is then stable in notch direction according to
scheme in [12]. If the T-stress is positive and higher than opening stress at some distance ahead of
the notch tip, void extension then occurs in x direction which is corresponding to the maximum
Terc-stress direction. In this case, crack extension is made by bifurcation.

6. Conclusion

Fracture toughness is not really intrinsic to material but depend on constraint. The critical notch
stress intensity factor versus the effective T stress build up a master curve which coupled the
fracture driving force gives the critical conditions for any kind of geometry and loading mode. For
the pipe steel API X52,the master curve exhibits a linear decreasing behavior. Slope and value at
origin are few affected by hydrogen embrittlement. Crack path after fracture initiation is affected by
constraint evaluated by T stress. A loss of constraint corresponds to high negative T effective
value. This situation occurs in notched pipe submitted to internal pressureand crack path remains
normal to maximum principal stress. This is unchanged after hydrogen embrittlement but fracture
appearance is then modified. Over a short distance ahead of notch tip , there is a mixture of dimples
and brittle facets. Fracture of DCB specimens occurs under high constraint characterized by a
positive value of T stress. Crack kinking occurs due to mixed mode I +II induced by superposition
of T stress. It has been seen on CT specimen with a lower constraint than DCB specimen that
hydrogen embrittlement promotes this crack kinking. Further works are required to understand the
shift of critical T effective value to promote crack kinking to lower value. = The assumption of
decreasing shearing mode cohesion energy with hydrogen will be investigated. Following the same
idea, evolution of ratio of shearing and opening mode cohesion energy will be determined by
appropriate experiments.
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