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Abstract A normalized fine grain carbon low alloy steel,

P355NL1 (EN10028-3), intended for service in welded

pressure vessels, where notch toughness is of high

importance, has been investigated. Applications with this

steel usually require the intensive use of welds. One of the

most common welding processes that are used in the

manufacturing of pressure vessels is the submerged arc

welding. This welding process is often automated in order

to perform the main seam welds of the body of the vessels.

The influence of the automated submerged arc welding, in

the mechanical performance, is investigated. In this paper

(Part II) the low and high cycle fatigue and crack propa-

gation behaviours are compared between the base and

welded materials. Several series of small and smooth

specimens as well as cracked specimens made of base,

welded and heat affected materials, respectively, were

fatigue tested. Strain, stress and energy based relations for

fatigue life assessment, until crack initiation, are evaluated

based on experimental results and compared between the

base and welded materials. Finally, the fatigue crack

propagation behaviours are compared between the base,

welded and heat affected materials.

Introduction

Pressure vessels are an important type of structures that

usually experience, during operation, cyclic loads that lead

to fatigue failures [1]. The design of this equipment should

take into account all foreseeable degradation mechanisms,

including fatigue. The need for inclusion of a fatigue

assessment route in design of pressure equipment has been

enforced by some important organizations [2]. It is a

common industrial practice to use specific design codes

such as the ASME VIII – Div. 2 [3], the PD5500 [4] and

the recently approved EN 13445 [5]. Alternative, more

general and flexible procedures exist such as the local ap-

proaches [6, 7] or the Fracture Mechanics [8–10] that can

be used to model fatigue for both welded and unwelded

structural details. The authors have developed important

experimental investigations on the P355NL1 steel [11].

This material is well suited for pressure vessels industry,

where high toughness and weldability are essential char-

acteristics.

Now, the authors propose in two papers (Part I and Part

II) a comparison of the mechanical behaviour between the

P355NL1 steel—base material (BM)—and the welded

material (WM), resulting from the submerged arc welding

process, which is a very important welding process in the

manufacturing of pressure vessels. In this paper (Part II),

the low and high cycle fatigue behaviours (fatigue resis-

tances) are evaluated and compared between the BM and

the WM. Strain-life, stress-life and energy-life experi-

mentally based relations are proposed for those materials.

Additionally, crack growth rates are determined for the

BM, WM and for the material affected by the heat intro-

duced by the welding process (HAZ).

The information included in this paper (Part II) is

complemented with the information incorporated in a Part I
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paper [12]. The latter paper describes and compares the

cyclic elastoplastic behaviours between the BM and WM.

Detailed information about the static strength properties,

chemical composition and microstructures of the BM and

WM are also reported in the Part I paper [12]. The research

documented in both papers is of extreme importance if a

local approach to fatigue or a Linear Elastic Fracture

Mechanics (LEFM) approach have to be applied, sepa-

rately or in conjunction, to assess the main welds of pres-

sure vessels.

Local approaches to fatigue

The local approaches constitute a very important method-

ology for the assessment of the fatigue behaviour of

structural components. They are usually used to model the

initiation of fatigue cracks. They are based on the

hypothesis that the behaviour of the material, in a critical

location of a structural component, can be described using

data from smooth specimens. The data obtained from the

test of smooth specimens can be presented in several forms.

The most common data is the strain-life data. Alternative

data can also be proposed such as stress-life and energy-life

data. Some relations for these three alternative forms are

described in the next subsections.

Strain-life relations

Strain-life relations are mainly proposed to describe low

cycle fatigue results. Typical relations have been suggested

to correlate the cyclic strain amplitude with the number of

reversals to failure, 2Nf, usually considered to correspond

to the initiation of a macroscopic crack (crack depth of

0.25 mm). The most used relation to model low cycle fa-

tigue was proposed by Coffin [13] and Manson [14], which

relates the plastic strain amplitude, Dep/2, with the number

of reversals to crack initiation, 2Nf:

Dep

2
¼ e0f 2Nf

� �c ð1Þ

where e¢f and c are constants, respectively, the fatigue

ductility coefficient and exponent. The Coffin-Manson

relation can be extended to high cycle fatigue domains

using the relation proposed by Basquin [15]. This relation

relates the elastic strain amplitude, Dee/2, with the number

of reversals to crack initiation, 2Nf:

Dee

2
¼ Dr

2E
¼

r0f
E

2Nf

� �b ð2Þ

where r¢f is the fatigue strength coefficient, b is the fatigue

strength exponent, E is the Young modulus and Dr/2 is the

stress amplitude. The number of reversals, 2NT,

corresponding to the transition between low and high

cycle fatigue regimes is characterized by total strain

amplitude, DeT/2, composed by equal components of

elastic and plastic strain amplitudes; lives below this

transition value are dictated by ductility properties; lives

above this transition value are dictated by strength

properties. Morrow [16] suggested the superposition of

Eqs. 1 and 2, resulting a more general relation, valid for

low and high cycle fatigue regimes:

De
2
¼ Dee

2
þ Dep

2
¼

r0f
E

2Nf

� �bþe0f 2Nf

� �c ð3Þ

where De/2 represent the total strain amplitude.

Stress-life relations

Stress-life relations are used to correlate fatigue data ob-

tained with fatigue tests of smooth specimens tested under

stress control. Stress-life relations have been proposed

mainly to assess high cycle fatigue. The Basquin relation

(2) can be used in the form of a stress-life relation to model

high cycle fatigue. Although being not consensual, some

authors have proposed more sophisticated stress-life rela-

tions in order to model both low and high cycle fatigue

regimes. An example of this type of relations was proposed

by Lemaitre and Chaboche [17]:

Nf ¼
rUTS � rmax

rmax � rl rmedð Þ
rmax � rmed

B0 1� brmedð Þ

� �g

ð4Þ

where rmax and rmed are, respectively, the maximum and

mean controlled stresses of the cycle, rUTS is the ultimate

tensile strength, B0 and g are constants to be determined by

fitting Eq. 4 to the experimental results of fully-reversed

tests and rl(rmed) is the endurance fatigue limit for non null

mean stress. The endurance fatigue limit rl(rmed) can be

determined using a modified form of Goodman’s equation

[17]:

rl rmedð Þ ¼ rmed þ rl0 1� brmedð Þ ð5Þ

where rl0 is the endurance fatigue limit for a fully-reversed

loading and b, which also appears in Eq. 4, is the slope of

the assumed linear relation between the endurance fatigue

limit and the mean stress. The endurance fatigue limits are

expressed in the form of a maximum stress of the cycle.

Equation 4 was proposed to describe the complete Woehler

curves, from the static rupture to the domain of fatigue

endurance limits. It also describes the effect of the mean

stress on the complete Woehler curves, including the mean

stress effect on the fatigue endurance limits.
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Energy-life relations

Stress-life and strain-life relations can be considered as

classical or traditional local approaches. Modern local ap-

proaches have been proposed based on energy consider-

ations, leading to the so-called energy-life relations. The

energy-life relations have been intensively investigated by

several authors such as Halford [18], Lefebvre and Ellyin

[19], Ellyin and Kujawski [20], Golos and Ellyin [21] and

Ellyin [22]. The energy-life relations can be formulated

using the following general form, proposed by Ellyin [22]:

w ¼ kð2Nf Þa þ w0 ð6Þ

where w is an energy-based damage parameter, w0 is an

energy-based endurance fatigue limit, k (k > 0) and a
(a < 0) are constants resulting from the best fitting of Eq. 6

to the experimental results.

Three common forms of energy-based damage param-

eters are the plastic strain energy density, the total strain

energy density and a modified total strain energy density

that takes into account the effect of the mean stress. The

plastic strain energy density per cycle, DWp, corresponds to

the area of the hysteresis loops which, for a non-Masing

material, has the following form [19, 20]:

DWp ¼ 1� n�

1þ n�
DrDep þ 2n�

1þ n�
dr0Dep ð7Þ

where dr0 is the increase in the proportional stress limit

that can be calculated using Eqs. 1–3 presented in the Part I

paper [12], n* is the strain-hardening exponent of the

master curve also defined in [12]. The total strain energy

density per cycle, DW, is given by the following formula:

DW ¼ 1

2
DWp þ 1

2
DrDe ð8Þ

The energy-based parameters DW and DWp are suitable

only for fully- or almost fully-reversed tests, because they

are not sensitive to the mean stress. Golos and Ellyin [21]

proposed another version of total strain energy density,

DWt, in order to be sensitive to the mean stress. This energy

is equal to the plastic strain energy density, defined in Eq.

(7), plus the elastic strain energy density associated to the

tensile stress of the cycle, DW e+, defined as follows:

DWeþ ¼ 1

2E

Dr
2
þ rmed

� �2

¼ r2
max

2E
ð9Þ

Fracture Mechanics approach

The Fracture Mechanics approach can be used as an

alternative to the local approaches [9, 10]. This approach is

based on the pre-existence of a small defect or flaw which

is assumed to be an initial crack. Fracture Mechanics

models the propagation of fatigue cracks from an initial

size to final dimensions responsible for the fracture of

structural components. Fracture Mechanics can also be

used to complement the local approaches [8, 23]. Local

approaches are used to model the initiation of a macro-

scopic crack and Fracture Mechanics approaches are used

to model the propagation of the initial macroscopic crack

until rupture occurs. Thus, the total number of cycles to

ultimate failure, Nf, can be expressed as follows:

Nf ¼ Ni þ NP ð10Þ

where Ni is the number of cycles required to initiate a crack

and NP is the number of cycles required to propagate the

crack.

The LEFM is a well established branch of Fracture

Mechanics that has been applied intensively to the propa-

gation period of fatigue cracks [24]. The LEFM is based on

the hypothesis that the stress intensity factor, K, is the

mechanical parameter that controls the stress range at the

crack tip. Several laws have been proposed to characterize

the fatigue crack propagation rates, combining the da/dN

and DK parameters. A well known classical relation was

proposed by Paris et al. [25, 26] and has the following

form:

da

dN
¼ C DKð Þm ð11Þ

where da/dN is the fatigue crack propagation rate,

DK = Kmax–Kmin represents the range of the stress

intensity factor and C and m are material constants.

Walker [27] proposed a modification to the Paris’s law in

order to take into account the mean stress effect:

da

dN
¼ C = 1� Rrð Þ1�k

h im

ð12Þ

where C and m are the constants of the Paris’s law for a

stress ratio, Rr = –1; k is a constant that allows the cor-

relation of crack propagation data for several stress ratios.

Many other relations have been proposed [28], but due to

its simplicity and reasonable domain of applicability, the

Paris’s relation is widely applied.

Materials characterization and experimental details

This paper (Part II) presents experimental fatigue data

obtained for the carbon low alloy steel P355NL1,

delivered in the form of plates with 5.1 mm thickness.

This designation is according to the EN10028-3 standard
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[29]. This steel has the former designation of TStE355,

specified in the DIN 17102 standard [30]. This steel is a

weldable normalized fine grain structural steel, applied

for pressure vessel purposes with special requirements

for low temperatures. Materials resulting from the auto-

mated submerged arc welding are also investigated,

namely the WM and the HAZ. The fatigue behaviours of

these materials are compared based on an experimental

program. Details about the studied materials can be

found on the Part I paper [12]. Table 1 summarizes some

important mechanical properties of the investigated

materials derived in reference [12]. It is included the

ultimate tensile strength and the cyclic yield stress of the

BM and WM as well as the Vickers Hardness of the

BM, WM and HAZ. The cyclic yield stress corresponds

to a 0.1% permanent strain. The three materials are

characterized by different microstructures and grain sizes

[12] which are responsible for different hardness values,

yield limits and crack initiation and propagation resis-

tances.

Fatigue tests were performed on smooth and small

specimens manufactured according to the ASTM E606

standard [31]. A total of nine series of specimens were

tested, four under strain control (2 · Re = –1, 2 · Re = 0)

and five under stress control (2 · Rr = –1, Rr = –0.5, 2 ·
Rr = 0), resulting in a total of 127 tested specimens. Five

series of specimens are made of BM; four series have WM

at the gauge length. Details about the preparation of these

specimens, descriptions of the series and fatigue tests are

addressed in the Part I paper [12].

This paper also presents results from fatigue crack

propagation tests conducted on cracked specimens using

the compact tension (CT) geometry. The geometry and

test procedures were defined according to the ASTM

E647 standard [32]. The specimens were prepared in

order to present BM, WM and HAZ on the crack path.

Thus, crack propagation behaviours will be assessed for

the referred materials. The CT specimens have a width, L,

equal to 50 mm and a height, H, equal to 48 mm. The

thickness of the specimens was 4.35 mm. A total of 14

specimens were tested under pulsating stress covering the

stress ratios, Rr = 0, Rr = 0.5 and Rr = 0.7 and the three

materials.

Results and discussion

Strain-life relations

Figures 1–3 present the strain-life data obtained in this

research: Fig. 1 presents the total strain vs. life data; Fig. 2

presents the plastic strain vs. life data and Fig. 3 presents

the elastic strain vs. life data. The data was obtained for the

BM—the P355NL1 steel—and also for the WM. Two

strain ratios were investigated. The analysis of the data

shows that the two materials have similar fatigue strength

behaviours as revealed by the elastic strain vs. life data.

The plastic strain vs. life data shows distinct fatigue duc-

tility behaviours of the BM and WM. The effect of the

strain ratio on the strain-life data is negligible for the BM.

This is explained by the complete cyclic mean stress

relaxation observed for tests conducted under null strain

ratio. The WM exhibits a strain-life behaviour which

slightly depends on the strain ratio. This is due to the fact

that, in general, the WM exhibits higher resistance to cyclic

mean stress relaxation than BM, in particular for tests

conducted under null strain ratio. The higher resistance of

the WM to cyclic mean stress relaxation can be justified by

its lower transition life as discussed hereafter.

Table 2 presents the constants for the strain-life Eq. 3.

These constants were derived for Re = –1 and Re = 0 and

also for the conjunction of both data. Constants are pro-

posed for the BM and WM. The correlations coefficients,

R2, are also included in the Table 2. The number of cycles

corresponding to the transition between the fatigue

behaviour governed by ductility and the fatigue behaviour

governed by strength properties are also included in Ta-

ble 2. It can be observed that the BM presents a transition

number of cycles about ten times higher than the WM. For

the WM the strength properties are dominant for a wider

fatigue range than that observed for the BM. This is con-

sistent with the observation that the transition fatigue life

decreases with increasing hardness for steels. The WM

presents higher hardness than the BM as indicated in Ta-

ble 1 which justifies the significant differences in the

strain-life relations.

The strain-life data presented in this paper was derived

for stabilized cyclic conditions of the BM and WM.

Objectively, the strain-life data was established based on

half-life data of the materials. As reported by authors on

reference [12], the BM and WM exhibit distinct cyclic

elastoplastic behaviours. While the BM stabilizes for high

strain ranges, after an initial cyclic hardening, the WM did

not show a stabilized behaviour for high strain ranges – the

WM first cyclic hardens followed by cyclic softening until

failure. For low strain ranges, the WM achieves a stabilized

behaviour earlier than the BM. The cyclic softening is

responsible for a reduction in the radius of the yield surface

Table 1 Mechanical properties of the BM, WM and HAZ

Materials rUTS (MPa) ry
¢ (MPa) HV10

BM 568 324 149

WM 585 418 158

HAZ – – 172
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of the materials, contributing to increase the ductility

properties of the material; inversely the cyclic hardening

enlarge the radius of the yield surface of the material which

contributes to increase the fatigue strength of the materials.

Stress-life relations

This paper also reports fatigue tests of smooth specimens

carried out under stress control. Three stress ratios were

tested for the BM (Rr = –1, Rr = –0.5 and Rr = 0.0); two

stress ratios were investigated for the WM (Rr = –1 and

Rr = 0.0). Figure 4 presents all experimental data. The

same figure also includes the curves obtained by the best fit

of Eq. 4 to the experimental data. Table 3 summarizes the

constants resulting from the referred curve fitting. It can be

concluded that the expression proposed by Lemaitre and

Chaboche [17] gives an overall good description. Although

some difficulties are encountered in the description of the

Woehler’s curves, in particular for the low cycle fatigue

domain, with Rr = 0, the mean stress effect is reasonably

captured by the model as well as the static rupture and the

fatigue endurance asymptotes. Is more or less well estab-

lished that the low cycle fatigue region is best described

using strain-life relations rather than stress-life relations.

The analysis of the data reveals that WM is more influ-

enced by the mean stress than the BM, for high cycle fa-

tigue. In fact, the S–N curves of the WM enclose the S–N

curves of the BM which makes the WM more mean stress

sensitive. A possible explanation for this observation is the

fact that the WM has a significantly lower transition life

than the BM which difficult the mean stress relaxation for

medium/high cycle fatigue.

Energy-life relations

Figure 5 illustrates the energy-life relations obtained for

the BM and WM, using the damage parameters described

in Eqs. 7–9. The endurance fatigue limits are defined as

being the energy leading to two million reversals of failure.

The proposed energy-life relations were derived from the

strain-life data obtained for Re = –1. The proposed energy-

life relations are in close agreement with the experimental

data. Table 4 summarizes the constants of the energy-life

Eq. 6. In general, WM exhibits lower fatigue resistance

than BM. This difference is much more pronounced if the

plastic strain energy density is used as a damage parameter.

The difference is minimal if the total strain energy is used

as a damage parameter. The observed differences between

the two materials are less important for low cycle fatigue

regime than for high cycle fatigue.

Crack propagation data

This paper also compares the crack propagation behaviours

between the BM, the WM and the HAZ. Three stress ratios

were investigated: Rr = 0.0, Rr = 0.5 and Rr = 0.7. The

last stress ratio was only considered for the BM and WM.

Figures 6–9 present experimental crack propagation

Fig. 1 Comparison of total strain-life data between the BM and WM

Fig. 2 Comparison of plastic strain-life data between the BM and

WM

Fig. 3 Comparison of elastic strain-life data between the BM and

WM
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curves. Table 5 summarizes the constants resulting from

the best fit of the Paris and Walker equation to the exper-

imental data. Results show that for null stress ratio (Fig. 6)

the BM has higher crack propagation rates than WM and

HAZ. For a stress ratio equal to 0.5 (Fig. 7) the three

materials exhibit very similar behaviours, however is

possible to detect a slightly higher crack propagation rate

for the BM. Figure 8 enforces the idea of higher crack

propagation rate for the BM. The BM and HAZ exhibit

very similar crack propagation behaviours for all stress

ratios considered. One possible explanation for the higher

crack growth rate observed in the BM is the fact that this

material exhibits an oriented microstructure resulting from

the plate rolling process. The crack was machined in the

rolling direction which assists the crack propagation. The

material microstructure orientation is partially destroyed

for the HAZ (partial re-crystallization) reducing slightly

the crack growth rate. The WM exhibits a completely new

microstructure without the preferential orientation ob-

served in the BM, which leads to the lowest crack propa-

gation rates.

The increase of the stress ratio produces an increase on

crack propagation rates as demonstrates Fig. 9 for the BM.

The Walker relation is able of describing the effect of the

stress ratio.

The crack propagation tests generated crack growth data

covering, essentially, the region II of propagation. In this

region the crack propagation data shows a linear relation-

ship as demonstrated by the results of Figs. 6–9. The

influence of the stress ratio is less pronounced in region II,

than in propagation regions I and III. In fact, the analysis of

Fig. 9 shows a small influence of stress ratio on crack

growth data. Similar behaviours were observed for the WM

and HAZ. Also, it has been demonstrated that materials

microstructure has small influence in region II fatigue

Table 2 Constants for the strain-life relations of the BM and WM

Constants Base material Welded material

Re = –1 Re = 0 Re = –1 + Re = 0 Re = –1 Re = 0 Re = –1 + Re = 0

r¢f (MPa) 1087.6 923.4 1005.5 1128.6 1026.0 1067.0

b (-) –0.1090 –0.0955 –0.1033 –0.1086 –0.0958 –0.1007

R2 0.9641 0.8611 0.9140 0.9854 0.9839 0.9827

e¢f (-) 0.4108 0.2933 0.3678 4.9545 1.0249 3.7473

c (-) –0.5547 –0.5311 –0.5475 –1.0017 –0.8119 –0.9805

R2 0.9918 0.9695 0.9795 0.9826 0.9540 0.9413

2NT 17,344 14,500 16,500 2,042 1,725 1,807

DeT/2 (%) 0.365 0.361 0.360 0.481 0.245 0.489

Fig. 4 Stress-life data and Woehler’s correlations for BM and WM

Table 3 Constants required for the description of the Woehler’s

curves according to Eqs. 4 and 5

Constants BM WM

g 6.2 5.6

B0 (MPa) 1561.6 1785.7

b (1/MPa) 0.001209 0.000779

rl0 (MPa) 284.2 267.4

rUTS (MPa) 568.11 585

Fig. 5 Comparison of the energy-life relations between the BM and

WM
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crack growth [33, 34]. This is not true for region I—the

near threshold region. This conclusion is verified in this

research since the overall scatter band for all data (mate-

rials and stress ratios) was narrow. It is interesting to note

that results presented in reference [34] correspond to

investigations performed using pressure vessels weldments

as was done in this work.

In this research no residual stress measurements were

performed on CT specimens. The authors believe that

eventual residual stresses introduced by the welds were

minimized since the specimens were cut from a larger plate

and welds were flush ground and their dimensions resulted

relatively small. These conditions promote the residual

stresses relief. However, if residual stresses persists they

should be typically positive, which promotes the crack

opening, making the crack propagation rates more insen-

sitive to the stress ratio.

The analysis of the Figs.6–8 suggests that the WM and

HAZ have slightly higher fracture toughness than the BM

due to the verified higher stress intensity factor range at

failure. This conclusion seems to be contradictory with the

fact that the WM and HAZ exhibit higher hardness and

tensile strengths than the BM. However, the microstructure

of the materials can have a determinant influence on the

fracture toughness. The fracture toughness is generally

more sensitive than other mechanical properties to anisot-

ropy introduced by processing such as the rolling. Since the

cracks of the CT specimens were introduced in the rolling

direction of the BM this can be responsible for lower

fracture toughness of the BM. More robust conclusions

about the toughness of the material should be supported by

specific toughness tests.

Conclusions

A comparison between the low and high cycle fatigue

behaviours of a BM—the P355NL1 steel—and a WM

resulting from the automated submerged arc welding was

carried out based on stress- and strain-controlled fatigue

tests of smooth specimens. A comparison of the crack

propagation behaviours between the BM, WM and HAZ

was also performed using results from fatigue tests of

cracked specimens. The comparisons evidenced some

distinct behaviours between the materials considered,

which justifies a special attention by engineers concerned

with the application of the local approaches plus LEFM to

Table 4 Constants for the energy-life relations for the BM and WM

Constants BM WM

kP (MJ/m3) 1671.5 15544.7

aP –0.695 –1.105

DW0
P (MJ/m3) 0.094 0.002

k (MJ/m3) 787.9 431.7

a –0.557 –0.542

DW (MJ/m3) 0.361 0.249

kt (MJ/m3) 1163.8 918.2

at –0.640 –0.700

DW0
t (MJ/m3) 0.149 0.046

Fig. 6 Comparison of the da/dN vs. D K data between the BM, WM

and HAZ for Rr=0

Table 5 Crack propagation constants according to the Paris’s law for

BM, WM and HAZ

Material Rr m C R2 k

BM 0.0 3.499 7.195E-15 0.996 0.92

0.5 3.555 6.281E-15 0.984

0.7 3.003 2.037E-13 0.985

WM 0.0 3.905 2.615E-16 0.994 0.78

0.5 3.192 5.199E-14 0.991

0.7 3.156 6.104E-14 0.981

HAZ 0.0 3.673 1.141E-15 0.984 0.67

0.5 2.975 2.258E-13 0.997

da/dN: mm/cycle; K: N.mm–1.5

Fig. 7 Comparison of the da/dN vs. D K data between the BM, WM

and HAZ for Rr=0.5
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assess welded details. The following main conclusions can

be stated:

– Strain-life data was obtained for BM and WM covering

two strain ratios namely Re = 0 and Re = –1. The strain

ratio has negligible influence on strain-life behaviour for

the two materials. The BM and WM present similar

fatigue strength behaviours which justify same fatigue

endurance limits. The fatigue ductility behaviours are

clearly distinct between the BM and WM. However, this

discrepancy only produces a relative small scatter on the

global strain-life data. Extrapolations for very low cycle

fatigue regions foresee important differences between

the fatigue behaviour of the two materials. More

experimental data is required in order to increase the

confidence of the proposed data for this domain.

– Stress-life relations were proposed based on stress-

controlled fatigue data. The representation of Woehler’s

curves proposed by Lemaitre and Chaboche fairly

describes the data in all fatigue domains. The proposed

relation encounters some difficulties for null stress ratio

and higher maximum stresses. The fully-reversed data

indicates similar behaviours for the BM and WM with

the exception of the fatigue endurance domain. These

conclusions can be extended for null-stress ratio data.

– Energy-life relations were derived from the strain-life

data. These relations indicate that the fatigue resistance

of the WM, defined in terms of the strain energy density

of the cycle, is lower than observed for the BM.

– The BM presents slightly higher crack growth rates than

WM and HAZ, for null stress ratio. For stress ratios

equal to 0.5 and 0.7 the differences between crack

growth rates are almost negligible. The influence of

stress ratio is small. In general, crack growth rates

obtained for the three materials (three distinct micro-

structures) and stress ratios fall in a narrow band, which

is in agreement with results published in literature for

this type of materials and weldments.

The information provided in this paper (Part II) can be

very useful for designers concerned with the assessment of

the fatigue behaviour of welded joints of pressure vessels

or pressure vessel type details, since it gives several types

of fatigue damage laws. In a Part I paper [12], the authors

present information required for the evaluation of the

damage parameters for the studied materials.
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