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Abstract. A normalised fine grain carbon low alloy steel, P355NL1 (EN10028-3), intended for service in welded
pressure vessels has been investigated. Applications with this steel usually require intensive use of welds. A very
common welding process that is 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 making the body of the vessels. The
influence of the automated submerged arc welding in the mechanical properties is investigated. In this paper, the cyclic
elastoplastic behaviour of the base material (P355NL1 steel) is compared with the corresponding behaviour of the
welded material. Several series of small and smooth specimens made of base and welded materials were cyclic tested.
The cyclic elastoplastic behaviours of the materials are described, using relations available in the literature, and
compared. The shape of hysteresis loops are conveniently modelled, taking into account the observed non-Masing
behaviour of the base and welded materials. Some important cyclic elastoplastic phenomena are also illustrated.
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1. Introduction

Pressure vessels are often subjected to cyclically varying stresses or strains due to pressure fluctuations and/or
external loads variations, which can induce fatigue damage at the highly stressed or strained locations leading,
frequently, to premature failures in equipment intended for long life applications, as reported in many investigations
(Taylor et al, 2001). The European Pressure Equipment Directive, PD 97/23/EC (EC, 2001) in its Annex I, emphasizes
the need for taking into account all foreseeable degradation mechanisms commensurate with the intended use of the
equipment, including fatigue. The recommended procedures for fatigue analysis are those included in design codes of
practice such as the ASME VIII — Div. 2 (ASME, 2001), the PD5500 (BSI, 2003) and the EN 13445 standard (CEN,
2002). However, code based procedures are often unable to deal with some complex problems (e.g. complex geometry
and/or loading). They usually give an overall prediction which does not allow the fully understanding of the influence
of the relevant parameters contributing for the fatigue damage. Thus, alternative procedures that have been proposed
can be used in order to complement the code based rules. The most important alternative assessment methods are the
local approaches (Radaj and Sonsino, 1998).

The success of the application of the local approaches to fatigue is dependent on the availability of specific
experimental data about the materials to be analyzed, which usually constitutes a difficulty to the implementation of
such approaches. This problem can be even more critical if the studied location is a welded zone, which can be
considered a compound of several distinct materials: base metal, weld metal and heat affected zone. Weldments in steel
structures are heterogeneous both in microstructure and mechanical properties. It is noted that the cyclic stress/strain
behaviour, fatigue damage mechanism, fatigue crack initiation and growth rate are different in these three welded zones.

The authors have investigated intensively the steel plate P355NL1 (EN10028-3) (CEN, 2003), with 5.1 mm
thickness, which is a weldable fine grain carbon low alloy steel, delivered in the normalized condition and intended for
pressure service purposes where notch toughness is of high importance. Despite the intensive use of this steel in
fabrication of modern pressure vessels or pressure equipment, very limited and non-systematic data exists on its fatigue
behaviour. In a recent publication (De Jesus et al, 2005), the authors described the cyclic elastoplastic and the low and
high cycle fatigue behaviours of the P355NLI1 steel. Now, in this paper, authors make a comparison of the mechanical
behaviour between the P355NL1 steel and the welded material, resulting from the submerged arc welding process,
which is a very important welding process in the manufacturing of pressure vessels. This paper first describes the
investigated materials; after, the complete experimental program is depicted. Finally, the comparison of the cyclic
elastoplastic behaviours between the materials is carried out. The cyclic stress-strain curves, the shape of the hysteresis
loops and typical cyclic behaviours, such as the cyclic softening/hardening (Lemaitre and Chaboche, 1990), cyclic creep
(Chaboche, 1994) or mean stress relaxation (Dowling, 1998), are used in the comparison. The research documented in
this paper is of extreme importance if a local approach to fatigue plus Linear Elastic Fracture Mechanics have to be
applied to assess the main welds of pressure vessels. Similar works can be found in literature, based on different
materials (Higashida et al (1978), Lawrence ef al (1978), Cheng et al, 1996).



2. Fatigue assessment based on local approaches

The local approaches can be used as important alternatives to the code based procedures for fatigue assessment of
structural details, including pressure vessel or pressure vessel type details. They can also be applied to complement or
refine global predictions resulting from the application of code based procedures. Very common local approaches are
based on the application of strain-life relations and are usually used to predict only the initiation of macroscopic cracks
(Truchon (1982) and Costa and Ferreira, (1993)). These approaches are often applied in conjunction with the Linear
Elastic Fracture Mechanics in order to predict the total failure of components, including both initiation and propagation
of macroscopic cracks (Ribeiro (1993), Jakubczak et al (1996), Ribeiro et al (2001), De Jesus (2004)).

The success of a prediction based on the application of strain-life relations depends on the correct knowledge of the
corresponding strain-life relation of the material, at the critical location. Also, the correct estimation of the strain history
experienced by the material, at same critical location, is required to achieve good results. The strain history estimation
should be carried out using the cyclic elastoplastic relations of the material at the location of interest.

Welds are typical critical details of pressure vessels (Curney, 1979). Fatigue cracks usually initiate at weld toes or
weld roots which generally correspond to base material affected by the heat introduced by the welding process or to the
welded material, as illustrated in Fig. 1. Thus, the assessment of welded joints, using local approaches, should take into
account the correct properties of these materials. Due to difficulties in obtaining the required properties of the heat
affected zone (HAZ) and welded material (WM), some authors (Cruz et al, 2000) have adopted the properties of the
base material (BM) in the analysis of the welded joints, regardless the failure location.

The properties of the HAZ and WM can be determined indirectly by means of hardness measurements (Testin et al,
1987), or directly by testing specimens containing the referred materials in its gauge length (Cheng et al, 1996). In
many cases, it is impossible to extract specimens, from welded details, containing the desired material in the gauge
length. For these situations, some authors try to reproduce the desired materials applying adequate heat treatments to the
gauge length of the specimens (Higashida et al, 1978).

Figure 1. Typical crack initiation locations for a welded joint.

The authors propose, in this paper, the evaluation of the cyclic elastoplastic properties of the welded material and a
comparison with the properties of the base material, which were already reported in a recent paper (De Jesus et al,
2005). The cyclic elastoplastic properties of the welded material were evaluated using specimens extracted from a
welded detail in such a way that specimens have welded material in their gauge length. All properties are compared
with the properties of the base material, the P355NL1 steel.

3. Materials characterization

In this paper, a comparison of the cyclic elastoplastic behaviour between a base and welded materials is performed.
The base material is 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 (CEN, 2003). This steel has the former designation of TStE355,
specified in the DIN 17102 standard (DIN, 1983). This steel is a weldable normalized fine grain structural steel, applied
for pressure vessel purposes with special requirements for low temperatures. The chemical composition and basic
mechanical properties are presented in Tab. 1 and Tab. 2, respectively. The welded material was produced using the
automated submerged arc welding. Table 3 summarizes the main characteristics of the welding process, including the
designations and chemical compositions of the flux and filler material and the welding parameters.

Table 1. Chemical composition of the P355NL1 steel (% weight).

C Si Mn P S Al Mo Nb Ni Ti \4 Cu Cr
0.144 | 0.199 | 1.443 | 0.018 | 0.006 | 0.034 | 0.001 | 0.009 | 0.037 | 0.001 | 0.003 | 0.059 | 0.031
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Table 2. Monotonic strength and elastic properties of the P355NL1 steel (mean and standard deviations) (De Jesus et al,

2005).
Tensile strength, o, (MPa) 568 +3.4 Elongation, &, (%) 30+2.6
Yield strength, o,,, (MPa) 390+ 12.1 | Young modulus, £ (GPa) | 205.2+2.0
Yield strength, o,,, (MPa) 418+6.2 Poisson coefficient, v 0.275

Table 3. Main characteristics of the automated submerged arc welding process.

Designation/ Brand/reference Classification AWS AS.17 Diameter
General Filler Material L60 EL12 3.2 mm
Characteristics Flux 780 F7 A0 -ELI12 -
C Si Mn P S Cr Ni
. . 0.09 0.04 0.45 <0.01 <0.01 0.017 0.026
Chemical Filler material "
eml,cz_‘ Mo Cu 4 Al * Before the covering with Cu
Composmon 0.01 0.015 <0.01 <0.01
(% weight) Mo Zr Mg Ni Fe Mn Cr
0.13 0.14 1.03 0.01 4.17 11.52 0.11
Flux
|4 Ti Ca Si K Al
0.14 5.28 5.8 6.77 0.47 19.12
. Welding position Intensity (Amp.) Tension Velocity (mm/min)
Welding (EN 288-3:1992) (Volt)
Parameters -3: Pass 1 Pass 2 0 Pass 1 Pass 2
PA 450 500 32 700 650

Figure 2 illustrates the three typical microstructures observed in a weld, namely the structures of the base material,
welded material and the material affected by the heat generated by the welding process. The base material presents a
typical ferrite-perlite grained-refined microstructure. The plate rolling direction is well defined in the microstructure.
The heat introduced by the welding process produces a refinement of the perlite zones and partially destroys the
preferential grain orientation introduced by the lamination process. The microstructure of the welded material
corresponds to a gross microstructure resulting from the cooling process.

Figure 3 summarizes the results of a hardness testing preformed on the welded joint. The hardness test was
conducted according to the ISO 6507 and EN 288-3 standards. The calculated hardness corresponds to the Vickers
hardness, measured with a 98 N testing load. The base, heat affected and welded materials presented a mean Vickers
hardness of 149, 158 and 172, respectively.

Heat Affected
Material (B)

o Fe e i 4
Base materlal (A) Welded Material (C)

Figure 2. Microstructures resulting from the automated submerged arc welding (magnification 500x).

N° Location A Location B
HV10 | Zone | HV10 | Zone
1 156 BM 149 BM
2 154 BM 149 BM
3 151 BM 146 BM
4 156 HAZ 141 HAZ
5 170 HAZ 154 HAZ
6 178 HAZ 156 HAZ
7 181 WM 160 WM
8 170 WM 170 WM
9 173 WM 176 WM
10 160 HAZ 154 HAZ
11 158 HAZ 156 HAZ
12 151 HAZ 156 HAZ
13 147 BM 149 BM
14 143 BM 147 BM
15 143 BM 149 BM

Figure 3. Hardness measurements on the butt welded joint.



4. Experimental details

The experimental work included tests of small and smooth specimens. The geometry and dimensions of those
specimens are illustrated in Fig. 4 and are in agreement with the ASTM E606 standard (ASTM, 1998). Nine series of
specimens were tested, four under strain control (2xR,=—1, 2xR,=0) and five under stress control (2xR,=—1, R,=0.5,
2xR ~0), resulting a total of 127 tested specimens, as indicated in Tab. 4. Five series of specimens are made of base
material; four series have welded material at the gauge length. The specimens with welded material at the gauge length
were cut from two plates of base material that were butt welded before the cutting process. After, the welds of the
specimens were flush grounded. No stress relief treatment was applied.

The specimens were cyclic tested under a tensile/compressive uniaxial stress state, until failure. All experiments
were carried out on a close-loop servohydraulic machine (model INSTRON® 8801), rated to 100 kN. A sinusoidal
waveform was used as command signal. All series were tested under constant strain or stress amplitudes. All tests were
carried out at room-temperature in air. The longitudinal strain was measured using a longitudinal extensometer (model
INSTRON® 2620-602) with a base length equal to 12.5 mm and limit displacements of +2.5 mm. Cyclic tests carried
out in low cycle fatigue regime (N,<5><104 cycles) had their frequency adjusted to result an average strain rate of
0.008/s. For high cycle fatigue regimes (N/>5 x10* cycles) the maximum frequency considered was 20Hz.

5. Results and discussion
5.1. Typical cyclic behaviours

Some of the most important typical cyclic behaviours of the base material — the P355NL1 steel — were already
identified in a recent paper (De Jesus, 2005). In this paper, a comparison of the cyclic behaviours between the base and
welded materials is established. The cyclic tests carried out under strain control (series 2A and 2B) indicated that the
base material exhibits cyclic softening or cyclic hardening depending on the strain amplitude. For larger strain
amplitudes the material suffers a quick hardening followed by stabilization. For small strain amplitudes the material
suffers a continuous softening. The graph of Fig. Sa, obtained with tests conducted under controlled fully-reversed
strain (series 2A), illustrates this behaviour for the base material. De Jesus et al (2005) also illustrates the
softening/hardening behaviour of the base material for tests conducted under controlled tensile-mean-strain with null
strain ratio (series 2B) and it was concluded that the material essentially exhibits the same behaviour observed for tests
carried out under controlled fully-reversed strain (series 2A). However, it was possible to observe for very small strain
amplitudes, in the elastic domain, that the material has a stabilized behaviour from the beginning of the cyclic loading.
Furthermore, the hardening for larger strain amplitudes is not so pronounced and thus the transition between the
hardening and softening behaviours is more gradual than that observed for tests carried out under controlled
fully-reversed strain. Figure 5b presents the variation of the stress amplitude with the number of cycles for the welded
material, resulted from tests carried out under controlled fully-reversed strain (series 2C). The comparison of this
response with the corresponding response obtained for the base material allows the formulation of the following
conclusions: i) for high strain range levels, the welded material do not exhibit a clear stabilized cyclic behaviour; ii) for
low strain range levels it seems that the welded material presents a stabilized cyclic behaviour earlier than what
expected for the base material, which can be explained by an higher yield stress or larger elastic domain of the welded
material.
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/

- ‘

‘ 51
T

T
Figure 4. Specimen used in the characterization of the cyclic behaviour of the materials (dimensions in mm).

Table 4. Series of tests adopted for materials characterization.

Series Ref.  No. of Spec. R, Material Series Ref.  No. of Spec. R, Material
2A 24 -1 Base material 2E 12 -1 Base material
2B 20 0 Base material 2F 12 0 Base material
2C 15 -1 Welded material 2G 12 -0.5 Base material
2D 11 0 Welded material 2H 10 -1 Welded material

21 11 0 Welded material
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The BM exhibits, for tests performed under controlled tensile-mean-strain with null strain ratio (series 2B), a cyclic
mean stress relaxation, which is illustrated in Fig. 6a. If the amount of plastic strain is appreciable, than a total cyclic
mean stress relaxation is observed; if the amount of plastic strain is reduced or negligible the cyclic mean stress
relaxation, if exists, is only partial. Ellyin (1997) observed similar behaviour for the ASTM A516 Gr. 70 steel. Figure
6b illustrates the variation of the cyclic mean stress for the WM tested under strain control with null strain ratio (series
2D). The WM shows a similar behaviour to the BM. The cyclic mean stress relaxes completely for higher strain ranges.
For small strain ranges only a limited relaxation is observed. The minimum strain range above which the full mean
stress relaxation occurs is higher for the WM.
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Figure 5. Evolution of the stress amplitude with the number of cycles and strain range: a) BM; b) WM.

225
200

Ae [%] 200 1
--x--3.01

--0--2.61

Ag [%]
175 =250
—-2.00
=150

—0-1.00

——0.50

—4—0.40

Mean cyclic stress, Gmea[MPa]
=
(=]

Mean cyclic stress, Gined [MPa]

—0-0.30

—-0.30

05 g g i i iy
LE+00 1.E+01 1E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 LE+00 1LE+01 1LE+02 1.E+03 1.E+04 1.E+05 1.E+06
Number of cycles, N Number of cycles, N

Figure 6. Evolution of the cyclic mean stress with the number of cycles and strain range: a) BM; b) WM.

The cyclic tests carried out under stress control conditions with non-null mean stress (series F and G) revealed, for
the BM, the occurrence of cyclic creep strain or ratchetting strain, as mentioned by De Jesus et a/ (2005) and illustrated
on Fig. 7. Figure 7 demonstrates that the amount of cyclic creep strain is a function of the stress amplitude and stress
ratio. The BM exhibits higher cyclic creep strains for stress ratio R,=—0.5 than for stress ratio R,=0. Theoretically, for
stress ratio R,=—1 the material should not present any cyclic creep strain. However, the cyclic tests of series 2E showed
that for high stress amplitudes some cyclic creep strain for the BM which can be explained by some degree of
anisotropy of the yield function, induced by the high plastic strain rate, or by some asymmetry on strain loading due to
any eventual small deficiency on the placement of specimens on the test machine. The WM was tested under stress
control only for two stress ratios, namely R,=0 and R,=—1 (series 2H and 2I). The analysis of the experimental data of
the welded material stressed with R,=0 revealed that the material does not show any cyclic creep strain; an elastic
shakedown is observed. For the stress ratio R,=—1 the WM exhibited some cyclic creep strain, but contrarily to the
observed for the BM the cyclic creep strains can grow in positive or negative directions. The stress state for WM can be
more complex than that expected for the BM since residual stresses and heterogeneities can be present on the WM.

5.2. Stabilized cyclic stress-strain relations

Both investigated BM and WM show stress-strain relations that vary with the applied load cycles due to several
cyclic phenomena described in the previous section. Considering the stress-strain data from tests carried out under strain
control, the most significant cyclic phenomena that affect its stabilization is the cyclic softening/hardening. A common
practice is to consider a pseudo-stabilized behaviour which corresponds to the behaviour of the material at half life.
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Figure 7. Cyclic creep strain or ratcheting strain obtained for the BM tested under stress control: a) R,=-0.5; b) R,=0.

Cyclic stress-strain curves were obtained for the BM and WM by plotting the stabilized half-life stress amplitude
(A407/2) against the corresponding strain amplitude (4&/72). A cyclic stress-strain relation can be determined by adjusting,
to the experimental data and using a best fit technique, the Ramberg-Osgood’s relation (Ramberg and Osgood, 1943):

In'
£:£+ Ao (1)
2 2F 2K’

where E is the young modulus, K’ and n” are adjusting parameters, respectively the strain hardening coefficient and
exponent. Figure 8 illustrates the experimental cyclic stress-strain data points and the fitted curves — the
Ramberg-Osgood relations. The experimental points resulted from strain-controlled fatigue tests under fully-reversed
tensile-mean-strain tests (series 2A, 2B, 2C and 2D). The curves were fitted to the fully-reversed and
tensile-mean-strain data points together, since there are no significant differences between these two data sets. It can be
concluded that the WM exhibits a cyclic yield stress larger than the BM. From the analysis of the curves it can be
concluded that the two cyclic curves converge for a unique curve, for strain amplitudes larger than 2%. Table 5
summarizes the parameters K’ and n”for the BM and WM. The BM and WM present a cyclic yield stress, defined for
0.1% of permanent strain, of 324 and 418 MPa, respectively. The strain ratio has no significant influence on stabilized
strain-controlled test data.
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Figure 8. Cyclic curves of the base and welded materials.

Table 5. Cyclic properties of the base and welded materials.

Strain Base material . . Welded material
ratios Cyeclic curve Master curve Strain ratios Cyclic curve Master curve
K’ n’ K n’ K’ n’ K’ n’
R.=-1 471.17 0.1682 400.00 0.1100 R=-1 498.59 0.0744 510.00 0.1200
R=0 466.62 0.1459 424.00 0.1200 R=0 503.18 0.0834 - -
R=1+R.=0 468.13 0.1533 412.00 0.1150 | R;=-1+R,=0 499.84 0.0767 - -
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5.3. Description of the hysteresis loops

The superposition of stable fully-reversed hysteresis loops (R.=—1), with compressive tips placed at the origin of the
coordinate system, showed that the ascending branches do not fall on a monotonically increasing unique curve for both
BM and WM. Thus, both materials do not follow the Masing description: the positive branches of the hysteresis loops
can not be described by the cyclic stress-strain curve, Eq. (1), magnified by a factor of two. Lefebvre and Ellyin (1984)
and Ellyin (1997) suggested the description of the hysteresis loops for a non-Masing type material, through the
application of the master curve concept. The master curve is obtained from matching the upper branches of the
hysteresis loops through the displacement of each loop along its linear response portion as illustrated in Fig. 9. The
equation of the master curve, in the referential with the origin coincident with the lowest tip of the hysteresis loop with
the minimum proportional range, can be expressed as follows:

pe =27, z[“iJ @)

where K" and n" are constants; As” and Ao are the strain and stress ranges evaluated in a coordinate system parallel to
the original and with the origin coincident with the lowest tip of the hysteresis loop with minimum elastic domain. The
relationship between the two coordinate systems, shown in Fig. 9, can be established using:

Ao = Ao’ + 60,
Ag? = Ag?” 3)
e ex (S‘O-/)
Ag =A¢ +——
E

where ooy is the increase in the proportional stress limit — a measure of cyclic expansion of the elastic range. doy can be
evaluated from Eqs. (1) to (3). Table 5 includes the values of the parameters K and n~ obtained using a best fitting
technique.

From the analysis of Fig 9 it can be concluded that the BM has a deviation from Masing behaviour more pronounced
than that observed for the WM. For the tested strain ranges the BM presents a higher expansion of its elastic range.
Thus, the committed error when the cyclic curve is used to describe the hysteresis loops is lower for the WM.

Although tests conducted for WM under R,=—/ showed some deviations from Masing behaviour, tests carried for
this steel under R.,=0 showed practically a Masing behaviour. This is why Tab. 5 does not include the constants of the
master curve for the WM under null-strain ratio.
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Figure 9. Master curves obtained with data for R,=—/: a) BM and b) WM.
6. Conclusions

A comparison between the cyclic elastoplastic behaviour of a BM — the P355NL1 steel — and a WM resulting from
the automated submerged arc welding was characterized based on stress- and strain-controlled fatigue tests of smooth
specimens. The comparison evidenced distinct behaviours between the welded and base materials, which justifies a
more careful when the local approaches are applied in the analysis of welded details. The main conclusions of the
comparison can be summarized as follows:

- Under strain-controlled cyclic tests the welded material do not exhibits a stabilization plateau for high plastic strain
amplitude, as was observed in the base material. For small strain ranges, the welded material stabilizes earlier than the
base material, which can be explained by a higher yield stress for the welded material.



- Under stress-controlled cyclic tests the welded material has more resistance to develop cyclic creep strains than
base material. For example, for a cyclic load with null stress ratio, while the base material exhibits important cyclic
creep strains the welded material suffers an elastic shakedown without any appreciable cyclic creep strain.

- The cyclic curve of the welded material shows a higher yield stress than the base material. However, the welded
material has a lower strain hardening which leads to a convergence between the cyclic curves. The strain-ratio has a
negligible effect on the stabilized cyclic stress-strain curve. The Ramberg-Osgood relation gives a good description of
the cyclic curves.

- The BM and WM exhibit mean stress relaxation for tensile-mean-strain loading. The lowest strain range for which
a complete mean stress relaxation still occurs is higher for the WM.

- Both materials present non-Masing behaviour, but the deviation from the Masing behaviour is more pronounced in
the base material. For null strain ratios, the WM exhibits essentially Masing behaviour. The description of the hysteresis
loops of the two materials can be well performed using the master curve concept.

The information provide in this paper is a valuable contribution for engineers concerned with the evaluation of
fatigue damage parameters to be used in correlations with experimental fatigue data or in the assessment of fatigue
actions for welded joints of pressure vessels or pressure vessel type details.
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