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Abstract.

The interaction between two near by hydrogen induced cracks was calculated considerir
their: length, distance between planes and crack tip separation. A superimposed unifor
tensile stress and an interval of hydrogen pressure inside of the cracks were considered
the model. The interaction is reported in terms of the stress intensity factor in mode | an
mode Il, normalized with respect to the stress intensity factor of an isolated crack
Assuming that the crack propagates in a direction normal to the highest local norma
stress in the crack tip, it was possible to predict the propagation trajectory of twa

interacting cracks.

1. Introduction.

The problem of the interaction of two near cracks can be found in a wide variety of
cases, in particular, the hydrogen induced cracking (HIC) in steel pipelines that transport
sour hydrocarbons is characterized by the formation of an array of stepwise cracks th:
may be interconnected. In sour environments, the hydrogen produced by the corrosio
reaction diffuses through the steel and is collected in elongated manganese sulfid
inclusions, forming hydrogen gas at very high pressures in those sites. The high hydroge
pressure forms an array of parallel cracks that may interconnect by the interaction of the
crack tip stress fields and the hoop stress in the pressurized bipithe growth and
coalescence of individual cracks can continue up to cause the pipeline fracture; that |
why there have been several studies about the interaction and coalescence cra
phenomena of HIC in ste€ld? In some of these studies, only the effect of the externally
imposed stress was analyzed, while others consider the simultaneous effect of th
hydrogen pressure inside the crack and an imposed uniform tensile 'Stt&ssvhich
magnitude is several orders of magnitude higher than the stress produced by the operati
pressures actually used in sour hydrocarbon transport pipelines. With the purpose ¢
analyzing the behavior of HIC cracks in more realistic conditions, in the present work, ¢
finite element stress analysis (FESA) was done to determine the effect of the interne

hydrogen pressure and uniform tensile stress on the interaction and coalescence of H



cracks. The analysis is limited to a two dimensional case and assuming that the materi
behaves as an isotropic, linear elastic solid.

2. Modeling and Experimentation.

The model consisted of two parallel cracks with internal pressure in the mid thicknes:
section of an internally pressurized pipe. The stress field was then calculated by the finit
element method. The pipe dimensions were 649 mm of external diameter and 12.7 mm ¢
wall thickness, this because this is one of the most common pipe specification used fc
the transportation of sour gas in the oil industry. The pipe is under an internal pressur
that produces a hoop stress so the internal crack experience that stress. Because there
not symmetry, it was necessary to model the complete array of the two neighborin
cracks. The pipe curvature and longitudinal stress in the pipe were neglected and the fin
model consisted of a flat plate with two internal cracks with pressure inside and ¢
superimposed uniform tensile stress, equivalent to the membrane stress due to the pi
pressure, acting parallel to the cracks. Figure 1 shows a drawing of the general mod

used here.
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Fig. 1.- (a) Transversal view of a pipe showing the location of the HIC cracks; (b) Model of two parallel
cracks with internal pressure and a uniform tensile stress. P = pipe internal presgsurehoop stress, r

= internal pipe radius, t = pipe wall thickness, B crack internal pressure, 2a = crack length, x =
horizontal crack tip separation, h = vertical crack separation, A = internal crack tip and B = external
crack tip.

The plate was modeled in two dimensions, with a width of 25.4 mm, height of 12.7 mm
and unitary thickness. The average crack length (2a) was |biQ separated in the
horizontal direction (x) from 500 to 50Am in 250 um intervals and from 0 to 60QAm

with intervals of 200um in the vertical direction (h). The applied stresses were 235,
176.4 and 117.6 MPa that correspond to a pipe internal pressure of 9.8, 735 and 4.9 MP
The pressure inside the cracks were taken as 1000, 500, 250 and 100 MPa. The ste
mechanical properties were those for an APl 5L X52 pipeline steel and were: Young'’s

modulus 205 GPa, Poisson’s ratio 0.33 and yield strength 52 ksi. The finite element mes



was a square with 8 nodes and 2 degrees of freedom in plane strain, this because t

cracks are completely embedded in the plate. The crack tips closer to each other a

referred as internal and the opposite or far crack tips are the external. The following

guantities were calculated:

a) The Mode | stress intensity factor for an isolated crack (Ko)

b) The Mode | stress intensity factor for the internal crack tip.fkand external crack tip
(Kig).

c) The Mode Il stress intensity factor for the internal g and external (l§g) crack tip.

These values were used to find the crack propagation amgle For an isolated crack the
stress intensity factor (SIF) was calculated considering both the internal pressure in th

crack (Ry) and the hoop stresw{) as:

p fO2 K 1
(H+ac)ﬁélwg 0 (1)

The FESA program used to calculate the Mode | and Mode Il SIF here, is based on th
calculus of the displacements in the vicinity of the crack tip; the corresponding
expressions are:
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Where Au and Av are the displacements in the x and y directions respectively, G is the

elastic shear modulug, = (3 - 4) for plane strainy is the Poisson’s ratio and r adare

the polar coordinates from the crack tip.

The crack propagation angle was obtained from the maximum normal stress criteriol
proposed by Erdogan and Sfhthat establishes that a crack will propagate in the direction
normal to the maximum tensile stressg(), S0 0g is the maximum principal stress. The

angle® is calculated from the expression fog:
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By taking the fist derivative d0¢/00) = 0, 0g IS @ maximum, that is the principal stress,

and solving for@ we get:
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The positive sign is taken when; k<O and vice versa.

In addition to the FESA simulations, HIC experiments were conducted by cathodic
charging plates made of APl 5L X52 steels, according to the method proposed by Eibe
and Bunenik’. By means of metallographic examination in both optical and scanning
electron microscopy the different HIC crack configurations were recorded and the
dimensions2a, h, xand 6 were measured and compared with the model predictions to

validate its results.

3. Results and Discussion.

3.1 Mode | Stress Intensity Factor.

Figure 2 shows the variation of, Kand Kg normalized with respect to Ko as a function
of the horizontal X) and vertical ) separation of the crack tips. In these graphs it is
observed that for both coplanar crack¥4a=0) and non coplanar crack$/a > 0), of

Kia and Kg increase as the crack tips get closer, reaching a maximum when the crack tip
are in an orthogonal positiorxfa = 0). When the crack tips begin to overlap;aKdrop

sharply. For separated crack tipg/d> 4), Kia and Kg approach to Ko.

Figure 3 compares the values ofaKand Kg for non coplanar cracks. When the crack tips
are very far apartx(is large), Ka is larger than kg up to the point of orthogonal overlap,

then Kg is larger than Ka.

3.2 Mode Il Stress Intensity Factor.

The behavior for the Mode Il SIF for the A tips, as a functiorxa$ shown in figure 4. A
first observation is that in both coplanar and non coplanar cracks,h&s smaller values
than Ka. For non coplanar cracks, Kk changes sign as the crack tips approximate and
overlap, and reach a minimum in the locatiofa = -1. After this point, Ka increases as
the overlap increases. It is noted that alsga Kincreases as the distantegets shorter,

and for crack tips far apart, |}k approaches to zero.
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Fig. 2.- (a) Mode | SIF for internal crack tip;Kand (b) Mode | SIF for the external crack tipgKAt Py
= 1000 MPa andic = 235 MPa.
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Fig. 3.- Normalized values of K and Kg for non coplanar cracks.4P= 1000 MPa and¢ = 235 MPa.
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Fig. 4.- Variation of K5 for cracks with B = 500 MPa andc = 174.6 MPa.



From the previous figures it is clear that as the crack tips get closer to each other ar
overlap, the Mode Il is induced and; Kincreases while the corresponding values g¢fake
reduced due to the interaction. The same observation has been reported by Kitagawa
indicates also that the overlapping crack tips should deflect as they approximate. Th
introduction of a Mode Il in the SIF has other effects, as reported by’:Sah an increase

in crack tip plasticity and b) the contact and fretting of opposite fracture surfaces, an
both effects may reduce the crack growth rate. In a previous work regarding the kinetic
of HIC®® it was suggested that the interconnection of meeting cracks may reduce th

crack growth rate, and this result may support that idea.

3.3 Crack Growth Direction.

The deflection angle of the internal crack tip Ba} as a function of the crack separations

x andh for a pair of close cracks with ayP= 500 MPa andoc = 117.6 MPa is shown in
figure 5. It is observed that the internal crack tips begin to deflect as the get closer an
overlap. In the pointx/a = -1, 84 reaches its maximum. This value also increases for

cracks closer in the vertical direction.

This description agrees with the one reported by Wangal!® that concludes that the
combination of Mode | and Mode Il induce a deflection in the crack path, due to the

introduction of shear stresses and the change in the sign,of K
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Fig. 5.- Deflection angle as a function of the crack tip separation for cracks with 00 MPa andoc =
117.6 MPa.

The figure 6(a) shows a pair of approaching HIC cracks with crack tip deflection
produced in a cathodic charging experiment. The valuex/afis -0.2 and the vertical
separation isn/2a = 0.43. The value 0B, is 42 and 36 degrees for the upper and lower
crack respectively. The calculated value is 5 deg. This great difference could be due t

differences in B or in 2a, simply because the cut may not be just at the center of the



cracks and the crack fronts may not be parallel. The figure 6(b) shows another pair of HI(

cracks, generated in a plate with an applied stress. These cracks are closer than the ol

in the figure 6 and it is clear that the deflection angle is greater in this case, ir

coincidence qualitatively with the predicted here

4.

(b)

Fig. 6.- HIC cracks generated by cathodic charging (a) No stress applied, (b) with external stress applie

Conclusions.

The Mode | stress intensity factor for the crack tip of two neighboring cracks with
internal pressure and superimposed tensile stress parallel to the cracks increases
the cracks approach to each other and diminishes as the cracks overlap.

The Mode Il stress intensity factor is induced as the crack tips approach to eac
other and is maximum when the cracks overlap. Overlapping cracks experience

mix mode of growth which may reduce the crack growth rate.

Under a mix mode of growth, the crack tips of two approaching cracks with internal
pressure deflect and tend to interconnect, with the deflection angle being larger a

the cracks overlap and are closer in the vertical direction.
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