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Abstract. The fatigue behavior of base metal, weld metal and heat affected zone (HAZ) of circumferential and
longitudinal welded joints of API 5L X-65 and API 5L X-70 pipeline steels, respectively, used in oil and gas
transportation were studied. Variable amplitude fatigue tests were carried under load control for R = 0.1 and 0.5 with
application of tensile overloads (50 and 100% of maximum load) at API 5L X-65 steel welded joints and alternate
tensile overloads at 2,5mm crack growth intervals (75 and 100% of maximum load) at API 5L X-70 steel welded
Jjoints. The fatigue tests results were obtained as da/dN vs.AK curves. It could be inferred from these curves that for R
= 0.1 the weld metal and HAZ showed similar behavior whereas the welded joints of API 5L X-70 steel showed the
greatest crack growth rates for R = 0.5. It was observed that the delay on the fatigue crack growth of welded joints of
API 5L X-70 decreased with the increase of AK.
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1 - Introduction

The world increasing use of oil and gas is the main reason for the fast growth of research to improve pipeline steel
properties. The properties usually required are high mechanical strength and toughness which are obtained by
controlling factors like chemical composition, manufacturing process and final microstructure (Zhao et al., 2002).
These properties are also required in the welded joints of these materials.

Among materials that best respond to these requirements are HSLA steels (high-strength low-alloy). They are the
result of optimal alloy selection, like Nb, Ti and V content, and controlled processing such as hot rolling. The HSLA
steels used in this work are API X-65 and API X-70.

Despite their good mechanical properties when in operation the pipes are normally subjected to cyclic loads and
after a period of service they can collapse by fatigue failure. The pipeline welded joints are prefered regions to start a
fatigue crack because of the stress concentration effects caused by all sort of weld flaws. Nevertheless, when subjected
to variable amplitude loading, the fatigue crack growth behavior can change. In this way, load interactions like
overloads can promote delays on fatigue crack growth.

The work presented here is focused to compare the fatigue crack propagation behavior of the three regions of the
welded joint, the base metal (BM), the weld metal (WM) and the heat affected zone (HAZ) at two stress ratios, R = 0.1
and 0.5 of the circumferential, API X-65, and longitudinal, API X-70, welded joints, based on fracture mechanics
concepts, under variable amplitude load.

2 — Experimental

2.1 - Materials

Circumferential and longitudinal welded joints of API 5L X-65 and X-70 pipeline steels, respectively, were studied
in this research. Their chemical compositions are presented in tables 1 and 2, below.
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Table 1. Chemical composition of pipeline steel API 5L X-65 (% of weight)

C Si Mn P S Al Ni Cu Cr Nb Ti N Ceq
0.13 0.15 1.6 0.02 | 0.005 | 0.018 | 0.02 | 0.011 | 0.029 | 0.035 | 0.015 | 0.058 | 0,411

Table 2. Chemical composition of pipeline steel API 5L X-70 (% of weight)

C S Al Si P Ti \Y Cr Mn Ni Cu Nb Mo Ceq
0.08 | 0.002 | 0.028 | 0.25 | 0.017 | 0.027 | 0.045 | 0.02 | 1.73 | 0.194 | 0.016 | 0.064 | 0.003 | 0.40

These API SL grade X-65 and X-70 steels are used for the fabrication of oil and gas pipelines and rigid risers. The
specimens were cut from circumferential (X-65) and longitudinal (X-70) welded joints.

The microstructure of the three regions of both steels welded joints was characterized by optical microscopy. The
process started with surface polishing followed by chemical etching with Nital 2%.

The weld process of the circumferential butt welds was the Gas Metal Arc Welding (GMAW) automatic. The main
characteristics of the welding process are shown in table 3.

Table 3. Main characteristics of the welding procedure.

Welding Conditions

Electrode (average values per pass)
Manufacturer: LINCOLN Current [A] =229
Diameter [mm] = 1.0 Tension [V] =24.7

Type of mixture: air/CO, — 50/50 Welding speed [cm/min] = 70
Heat input [kJ/cm] = 5.0

2.2 — Fatigue tests

Fatigue crack propagation tests of the circumferential and longitudinal welded joints were done using three point
bending specimens (SE(B)) with square and rectangular sections, respectively. Longitudinal welded joint specimens
were designed according to standard BS 6835 (figure 1A). However, due to the small pipe thickness in the case of steel
X-65 their specimens were smaller than the standard recommendations (figure 1B). Although these dimensions were
smaller than the recommended they have some interesting advantages, as reproducing the thickness of the real pipes
from which the specimen were cut. According to Maddox (1998) this gives the tests conditions closer to the real ones
and a greater reliability for the results.
The three point fatigue crack propagation tests were carried out according to the BS 6835 and ASTM E647

standards, under general conditions below. The dimensions of specimens are presented in table 4
= Senoidal load;

Variable amplitude;

Specimen: Single Edge - Bending - SE(B),

Orientation L-R;

Frequency = 30 Hz;

R=0.1and0.5;

Mean temperature ~ 20° C;

= Ambient: air;

= Relative humidity of the air = 60%.

Table 4. Dimensions of SE(B) specimens

. B W Notch Pre-cracking
Material
(mm) (mm) (mm) (mm)
API 5L X-65 12.5 12.5 6.0 0.8
API 5L X-70 20.0 40.0 8.0 2.0

The values of AK used in this work were determined according to the function described in ASTM E399 standard
which guarantees that crack propagation will always occur in the linear elastic region. The functions for API 5L X-65
and API 5L X-70 steels are shown below in equation 1 and 2, respectively.
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AK =(6-7a ). f(aiw) (1)

(arw )™ - {1.99 —(aw)-[1 - (aw)] - [2.15 ~3.93-(a/w)+2.7- (a/w)zl}
(1+2a/w)-(1-a/w)"?

where  f (a/w) -

Ak __APS 13/W)* [1,99 - (@/W)(1-a/W)(2,15-3,93a/W +2,7a° /W 2) @)
BW' | 2(1+2a/W)(1—a/W)"

For the welded joints of API X-70 steel, the application of overloads (75 and 100% of maximum load) was done in
each 2.5mm of crack growth, avoiding any effect of interaction among overloads. The last overload of 100% was not
applied on the specimens tested at R = 0.5, avoiding the specimen fracture. For the welded joints of API X-65 steel, the
overload (50 and 100% of maximum overload) was applied at a crack growth equivalent to AK = 15 MPa.m®”.

Parallel horizontal marks etched equally spaced of 0.38 mm for API X-65 and 0.5 mm for API X-70 steel, were
previously made on the surface of the specimens for visual control and inspection. The measurement system used was
an optical microscope to follow and measure crack growth.

Measurement of the increase in the crack length, Aa, the maximum and minimum loads, A4P(a), and the
corresponding number of cycles were recorded. Based on these values the fatigue crack propagation rate curves (da/dN
vs. AK) were plotted out using logarithm scale. The polynomial method recommended by ASTM E647 standard was
used.

3 — Results and discussion
3.1 — Metallographic analysis

The metallographic aspects of the three welded joint regions of the studied steels are presented in the figures below.

Figure 2. Microscope view of the welded metal region of the steel (A) API X—65 and (B) API X-70 (200x).



Proceedings of COBEM 2005
Copyright © 2005 by ABCM

18th International Congress of Mechanical Engineering

November 6-11, 2005, Ouro Preto, MG

Figure 3. Microscope view of the HAZ of the steel (A) API X-65 and (B) API X-70 (200x).

Figure 1 shows a metallographic view of the base metal region of both steels where it can be observed a ferritic-
pearlitic microstructure. However, for the API X-70 steel in figure 1B some regions without a clear microstructure
definition can be seen, suggesting poor ferrite recrystallization during the thermo-mechanical process used to obtain this

X-70 steel grade.

The welded metal region of both steels API X-65 and API X-70 (figures 2A and 2B, respectively) show an acicular

ferrite configuration and primary grain boundary ferrite. However, the HAZ of both steels showed regions of coarse
grains, with ferritic matrix with granular bainite and fine grains of ferrite-carbide aggregates, figures 3A and 3B.

3.2 — Fatigue crack propagation

da/dN (mm/cycle)

Figures 4 and 5 presented the fatigue behavior of specimens submitted to overloads at R = 0.1 and 0.5, respectively.
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Figure 4. da/dN vs. AK curves for R = 0.1 of API X-65 and API X-70 steels with overloads applications at regions: (A)
base metal, (B) weld metal and (C) HAZ



18th International Congress of Mechanical Engineering

Proceedings of COBEM 2005
November 6-11, 2005, Ouro Preto, MG

Copyright © 2005 by ABCM

0,01 4 0,01 5
1E-3 5 A 1E-3
] v st 3 addd
] o ] o
g 1E-4 f““ % 1E-4 EA“
> E A f > E A‘AAAA
2 MA o ] . AT, A
: = : e
E ‘A"'ﬂ E ] Voo
~ 1E-5 T L Z 1E-5+ aAAST 4
o § & AA = E ‘A‘A ..AA A
§ N E A
1 Base Metal (R=0,5) A A Weld Metal (R=0,5)
1E-6 - A A API X-65 (OL 50%) 1E-6 - A API X-65 (OL 50%)
E A API X-65 (OL 100%) E & A API X-65 (OL 100%)
A API X-70 (OL 75 and 100%) A API X-70 (OL 75 and 100%)
1E-7 ——— . . . 1E-7 — : :
6 7 8 910 20 30 40 50 60 70 80 6 7 8 910 20 30 40 50 60 70 80
AK (MPa.m™) AK (MPa.m™)
0,01 5
1E-3
E aas
g 1E-4 o Wil
5 3 !
E 1 AAA#A
g P‘A‘“
Z 1E5+ Py
z E QA 4t
S a4 Al
1 A A 4 HAZ (R=0,5)
1E-6 o A A API X-65 (OL 50%)
E A, A API X-65 (OL 100%)
A API X-70 (OL 75 and 100%)
1E-7 —r— r r r —
6 7 8 910 20 30 40 50 60 70 80
AK (MPa.m™)

Figure 5. da/dN vs. AK curves for R = 0.5 of API X-65 and API X-70 steels with overloads applications at regions:
(A) base metal, (B) weld metal and (C) HAZ

The results initially reveal that fatigue crack propagation in both steels was influenced by stress ratio. The base
metal, weld metal and HAZ subjected to R = 0.5 showed the largest fatigue crack growth rates. It can be observed that
the overload application in both cases promoted delays on crack growth rates. According to figure 4 and 5, the largest
overloads promoted the greatest delays on crack growth at the three welded joints regions of API X-65 and API X-70
steels for R = 0.1. This behavior can be attributed to the absence or diminution of crack closure phenomena at high R
values (Shuter and Geary, 1995).

In relation of the welded joint regions of API X-70 steel, the greatest delay on crack growth was also observed at the
largest overload applied (100% of maximum load). Nevertheless, the delay effect in crack propagation with the
subsequent overloads decreased with the increase of AK until a certain point (at elevated AK values, the overloads did
not promote delays on the crack propagation). Geary (1992) says that the effective stress intensity factor is related to
overload. In this sense, although no crack closure tests were performed, it is believed that the increase of AK during the
propagation is responsible by approximating of the minimum stress to the crack closure stress, decreasing the delay
caused by overload. When this stress is reached, the crack growth phenomenon is inexistent and, consequently, the
crack propagation delay due to the overload did not occur.

In the welded joints of API X-65 steel, the overloads of 50% and 100% of maximum load promoted propagation
rates very similar for R = 0.1 (figure 4). Comparing the behavior of base metal, weld metal and HAZ of API X-65 and
API X-70 steels for the same stress ratio value, the results showed that the crack propagation rates of weld metal and
HAZ with overload application presented the similar behavior, this effect being more pronounced in the weld metal.

In figure 5, for R = 0.5, the base metal presented the highest crack growth rate. Another observation is that the
overloads promoted delays on crack propagation in all welded joint regions of API X-65 steel. The greatest delays on
crack growth were observed at 100% of overload for the weld metal and HAZ. It can be verified that the crack growth
rates in the HAZ were very similar. For the welded joints of API X-70 steel the results showed the same behavior
presented by R = 0.1: the effect of crack propagation delay with the overloads decreased with the increase of AK.

The fatigue crack propagation rate is influenced by the material thickness that defines the predominance of plane
stress state (thin materials) or plane strain state (thick materials) (Park et al., 1996). In this case, the materials in the
strain plane state shows the greatest crack growth rates (Branco ef al., 1999).
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By comparison of the behavior in fatigue of both steels (figures 4 and 5), the results showed that the crack
propagation rates of welded joints of API X-70 steel presented the greatest growth rates for all welded joint regions for
R = 0.5 (thickness effect), differently of the behavior observed for R = 0.1 (no significative difference between weld
metal and HAZ fatigue crack propagations), where the thickness effect was not observed. The welded joints of API X-
70 steel experienced the smaller effect of overloads than welded joints of API X-65 steel, provably due to higher plane
strain condition and smaller plastic zone size formed by overload than that of the thinner material (API X-65).

No residual stress measurements were carried out. However, it has been known that the tensile and compressive
residual stresses at the welded joints increase and decrease the crack propagation rates, respectively. Therefore, the
crack growth behaviour presented in this work could have been influenced by the presence of these residual stresses.

4 — Conclusions

The results of the present study support the following conclusions:
1 — The overloads promoted delays on the fatigue crack propagation in the welded joints of both steels;
2 — The greatest delay on crack propagation was observed with the greatest overload;
3 — The delay on the fatigue crack growth of welded joints of API X-70 decreased with the increase of AK;
4 — In both steels, the crack propagation rates of weld metal and HAZ with overloads showed similar behavior for R =
0.1. For R = 0.5, the welded joint regions of API X-70 steel showed the greatest crack growth rates;
5 — The welded joints of API X-70 steel experienced smaller effect of overloads than welded joints of API X-65, for
both R values.
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