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Abstract: The aim of this scientific work was to evaluate the compression instability effects during
static and low-cycle fatigue loadings of AA 5083 welded joints, commonly used in marine structures.
Low-cycle fatigue assessment in marine structures is of utmost importance since high levels of plastic
deformation can arise in the proximity of high-stress concentration areas. Displacement ratios equal
to minus one and zero were used to perform experimental low-cycle fatigue tests. The tests were
monitored by means of the Digital Image Correlation technique in order to detect the strain patterns,
with particular attention paid to stress concentration areas, indicating that a specimen tends to
buckle during high compression loads, for tests with a displacement ratio of minus one. The tests at
displacement ratios equal to —1 showed a lowering of the strain-life curve revealing a considerable
effect on compression instability. A nonlinear finite element modelling procedure, depending only on
hardness measurements, was developed. The hardness measurements were used in order to assess
the distinct mechanical properties of the different zones that were included in the finite element model.
The finite element model results were compared to the data achieved by means of the digital image
correlation technique, demonstrating that hardness measurements can help predict the low-cycle
fatigue behaviour of welded joints and consider compression instability phenomena.

Keywords: low-cycle fatigue; marine structures; digital image correlation; welded joints; finite
element analysis; compression instability

1. Introduction

Most marine structures involve tubular or plate details linked by welded joints with
longitudinal and transverse elements that are exposed to severe weather conditions, such
as storms, loading/unloading operations, and intense wave loads, which cause significant
fatigue loads and cracks [1-7]. Adding these effects to the welding process, which produces
variations in local mechanical properties, further complicates the problems. Local mechani-
cal properties are assumed to vary from the base material (BM) to the heat-affected zone
(HAZ) and the weld metal (WM) [8]. The thickness effect is also an influencing factor [9].

The stress concentrations, due to the presence of welds under fatigue loadings, induce
cyclic stresses that go beyond the yield stress locally. Marine constructions could thus
encounter a low-cycle fatigue (LCF) life and plastic deformation accumulation phenomena
may appear, causing failures due to fatigue (mainly at welded joints). The corrosion
environment, such as seawater, reduces the fatigue strength by roughly fifty percent in steel
welded joints [10].

The fatigue assessment of welded joints is extensively studied and many approaches
have been developed during recent decades [11]. The simplest approach is nominal stress,
since it is not influenced by local stress changes produced by structural discontinuities
(i.e., a stiffener end or local weld toe). The hot-spot stress approach [12,13] incorporates all
stress effects excluding those caused by the local weld profile. The effective notch stress
approach [14,15] also considers the local stress increase at the notch formed by the weld toe
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or the weld root, without taking into consideration the elastic-plastic material behaviour.
The notch stress intensity factor method [16,17] is mostly applied to evaluate crack initiation
at sharp corners and includes the effects of flank angles.

Critical distance approaches [18,19] state that a structure is subjected to fatigue failure
when the fatigue limit is reached within a region encompassing the notch (critical length
or volume), and not only at a single point. The thermographic method [20-23] assumes
that the fatigue limit is intended as the maximum stress during a fatigue test generating no
increment of temperature.

The notch strain approach [24] is mainly used for the low-cycle fatigue (LCF) assess-
ment of welded details to contemplate the effect of elastic-plastic stress/strain on material
behaviour. However, the cyclic stress/strain curve should be priorly known to achieve
accurate non-linear FE simulations.

The traction stress/strain approach [25] neglects the effects of local notch radii and is
suitable for the fatigue behaviour of welded structural elements having no defined notch
radii [13,25-29]. Key advantages of the structural stress/strain method are that it is not
mesh-sensitive, the fatigue data can be incorporated within only one master S-N/E-N curve
(i.e., without weld classification approaches), and it works well for both HCF and LCF.

Most of the methods described above are generally applied for high-cycle fatigue
failure and fewer for low-cycle fatigue failure (the most common and efficient are the notch
strain approach and the equivalent structural strain approach).

As reported, many studies about the fatigue of welded connections exist. However,
to the author’s knowledge, the instability effects of high compression loadings and how
these affect LCF life have not been appropriately considered. High plastic strain develops
during LCF loadings, and the material changes should be considered. An interesting study
regarding 316 L stainless steel with variable loading paths revealed that the materials
exhibited cyclic hardening at the initial stage, followed by a long period of cyclic softening
(conducted in [30]). The strain hardening gradient effect on short crack behaviour and a
new crack transition length concept to describe short cracks in EH36 joints were proposed
in [31].

The aim of this study was to assess and comprehend the LCF behaviour of welded
joints made of AA 5086, widely used in marine installations and constructions, considering
the effects of high values of applied displacements during the compression phase and how
these affect the LCF life.

A procedure was developed that centred on nonlinear finite element analysis (FEA),
which required as input only the hardness values of the different zones (BM, HAZ, WM).
Experimental low-cycle fatigue tests were performed at two displacement ratios (Rq =0
and R4 = —1). Digital image correlation (DIC) was used to analyse the full-field strain
patterns to evaluate the presence of instability during compression loadings and to validate
the FE model procedure. The author employed the DIC technique to different kinds of
connections [32-34].

2. Materials and Methods

The 5000 and 6000 series aluminium alloys are those most widely used in corrosive
environments, such as the marine environment. The investigated welded specimens were
made of AA 5083, welded by means of the MIG process and provided by a shipyard.
Figure 1 shows the geometric dimensions (width of 24.5 mm). The mechanical parameters
of the investigated AA 5083 are reported in Table 1.
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Figure 1. Geometry (a), weld details (b), boundary and loading conditions (c) of welded specimens.

Table 1. Mechanical properties of the investigated Al alloy.

Ultimate Stress, Yield Stress, Elongation at Break,

Young's Modulus, E
Oy Uy Eu
MPa MPa % MPa
317 228 16 71,000

The specimen surface was polished in order to achieve accurate hardness measure-
ments. The hardness values were taken following a line path from weld A to weld B, then
from weld C to weld A at 45 degrees (see Figure 1).

The size of the specimens together with the loading and boundary conditions were
the same for static and LCF tests (see Figure 1).

The experimental tests were performed using an 8850 Instron testing machine with a
load cell of +250 kN.

The 3D ARAMIS 12M, supplied by GOM GmbH, was used for 3D DIC analyses with
the aim of monitoring stress concentration zones (i.e., weld toes) that cannot be monitored
using strain gages. Two 12 megapixel cameras, with a 50 mm focal length, were employed.
To perform 3D analysis using the 3D DIC technique, a calibration of the system was needed.
A calibration panel (CP 20-175 x 140 mm?), provided by the producer company and
reproducing the measuring volume of the specimens, was used for system calibration [35].
The facet size was set to 12, while the step size was 10. The accuracy of the system was to
0.01% in terms of measured displacements. A black-white speckle pattern was painted on
the specimen surface for the DIC evaluations.

The 3D FE nonlinear analyses were performed with ANSYS software. To consider the
large deformation effect, the nonlinear geometric option was adopted in the FE analyses. It
is known that the local toe radius can vary in each specimen and can be different also in the
same plate [36], thus a nominal value of the notch radius of 1 mm was modelled for the FE
analyses to avoid stress/strain singularities. Twenty nodes solid elements (SOLID186) and
multilinear kinematic hardening were used. SOLID186 is a higher order 3D 20-node solid
element. The element is defined by 20 nodes having three degrees of freedom per node:
translations in the nodal x, y, and z directions. The number of nodes of the FE model is
297,060, with an element size in the weld toe of 0.1 mm. The mesh was refined following the
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IIW recommendations [37]. The non-linear material properties inserted in the FE models,
which are different for static and cyclic evaluations, were evaluated based on hardness
measurements. The loading and boundary conditions were set with the aim of reproducing
the experimental conditions. (See Figure 1c.)

Material Properties as a Funciotn of Hardness Measurements

It is known that the mechanical properties of the base material (BM), heat-affected
zone (HAZ) and welded metal (WM) are different, and they can be correlated to hardness
values. No hardness differences were observed between BM and HAZ. In this study, the
BM and WM were treated as if they were different alloys, related to their properties for
hardness measurements. The used relationships for mechanical properties determination
(ultimate stress ¢, and yield stress ¢,), which are empirical equations often used for Al
alloys and validated in previous studies [38], are reported in Equations (1) and (2):

0 = 2.4079-HV + 46.39 1)

oy = 2.9263-HV — 44.289 2)

Table 1 reports the three Vickers hardness values detected. The welded metals (WM)
revealed lower values of hardness compared to base material (BM) and heat-affected zones
(HAZ). The properties calculated from Equations (1) and (2) are illustrated in Table 2 (welds
A, B, and C are shown in Figure 1).

Table 2. Static properties from hardness measurements.

HV oy oy
(MPa) (MPa) (MPa)
BM and HAZ 91.8 224.3 267.4
WM of welds A and B 74.5 173.7 225.7
WM of weld C 82 195.6 243.8

To perform accurate nonlinear FE analyses, the values of ¢, and ¢, were used to
achieve the static true stress—strain curves, based on the Ramberg-Osgood (R-O) equation.
The adopted method, developed by Kamaya [39], is centred on the relationships shown in

Equations (3)—(5).
m
0y 0Oy oy

Considering the plastic strain at the yield point ¢,y = 0.2%, « and m are:

Ee
_ epy
v= 4)
—0.754
m = 3.93 {ln (‘T”tﬂ ®)
Oy

The calculated « and m values are given in Table 3.

Table 3. R-O parameters.

BM and HAZ WM of Welds A, B WM of Weld C
m 14.6 10.8 12.3
o 0.63 0.82 0.73

The stress—strain curves calculated from Equation (3) are displayed in Figure 2.



J. Mar. Sci. Eng. 2022, 10,212

50f17

- - WM (welds A, B) w— « \WM (Weld C) ....... BM and HAZ (welds A B)
400 -
350 -
“© 300 - .
3 : V JR— — e ——— ———
2 250 g e e
? A el B
g 200 > -
g )
! A B8 P .
= 100 -] e 4
. —a
50 E C -

0 0.03 0.06 0.09 0.12 0.15
True strain (mm/mm)

Figure 2. Static stress—strain curves determined based on hardness results.

When dealing with LCF conditions, the stabilized cyclic stress—strain curve needs to
be evaluated. The curve is also based on the Ramberg-Osgood equation, as a function of
the strain hardening exponent (n”) and cyclic strength coefficient (K’):

Ae  Aee Aey A Ac \ V7"
€ €e p Ao ( (7) ©)

2 2 " 2 T 2E 2.K’

According to Lopez and Fatemi [40], the stabilized cyclic stress—strain curve parame-
ters can be assessed by the calculations reported in Equations (7)—(10).

K' = 1.16-0 + 593, for % >12 @)
K' = 310402 + 0.23-0, + 619, for ? <12 ®)
y
n = 037 log<m>l.16ﬂu +593, for% >12 )
- ET R

Given the 0y, /0y ratio of the AA 5083 welded joint considered in this study, the cyclic
parameters K’ and n’ were calculated using Equations (7) and (9) and are reported in Table 4.
The obtained curves, calculated from Equation (6), are reported in Figure 3.

Table 4. Cyclic R-O parameters.

oy oy K’ "
(MPa) (MPa) (MPa)
BM and HAZ 224.4 267.4 0.206237 903.2
WM (weld C) 195.7 243.8 0.215732 875.8

WM (welds A, B) 173.7 225.8 0.223842 854.9
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Figure 3. (a) Cyclic stress—strain curves calculated with data from hardness test, (b) Stress—strain
curves from hardness. Static: dotted lines; cyclic: continuous lines.

A comparison of the curves evaluated by hardness measurements is shown in Figure 3b.
The figure clearly shows a strain-hardening of the cyclic curve of the three materials’ zones,
which is typical of this kind of Al alloy (as was reported in [41]).

3. Results from Initial Evaluations

The same size of sample was used for the static tests as was used for the LCF tests.
One preliminary static test was performed in order to detect the onset of buckling, in terms
of applied displacement. The value of the amplitude displacement (reversed sinusoidal
cycle at Ry = —1) was equal to + 0.45 mm. It must be noted that only one cycle was
performed in order to consider the static behaviour before each specimen began to harden.
Figure 4 shows the longitudinal strain maps assessed by the DIC technique at maximum
and minimum applied displacements. Some detection points (namely Stage Points (SP))
were introduced for the DIC analysis. The distance between two SP was 5 mm.

For both positive and negative applied displacements, the value of the longitudinal
strain was always positive for SP4. This was because, during compression loadings,
bending occurred and the specimens tended to buckle.
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The nonlinear finite element analyses were performed considering the loading and
boundary conditions already mentioned and using the nonlinear material curves evaluated
from the hardness measurements previously shown in Figure 2.

P (%) y (%)
e 1.0 ] ts
- ™ 0. 15 0.8
0.6 — 0.6
1 0.4 f 0.4
’
< 1102 e 0.2
= 0.0 (\' 0.0
-0.2 N -0.2
!
)
-0.4 —L1-0.4
P
=~1-0.6
—-0.8
1.0
d=0.45 mm d=0.45 mm

Figure 4. Longitudinal strain maps by means of DIC. ((Left) d = 0.45 mm; (Right) d = —0.45 mm.)

The FE model and different materials employed in the static analyses are shown in
Figure 5.

— — WM (weldsA, B) WM (weld C) 8M and HAZ [welds A, B)

True stress {Mpa)
o
o
8

150 {7 | =)
A b .
100 | 4 &
| =
s0 ¢
o+ : : . ]
o 0.03 0.06 009 012 015

True strain (mm/mm)

Figure 5. FE model and material curves.

The FEA results in terms of longitudinal strains are reported in Figure 6. The same
strain scale of the DIC analysis (Figure 4) was used in order to compare results. The results
clearly show the presence of strain due to bending (positive values close to 1%) at minimum
applied displacement).
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Min value of loading

Figure 6. Longitudinal strain maps by means of FEA. ((Left) max value of loading; (Right) min value
of loading.)

SP 4 was selected for further comparison between FE analysis and DIC analysis and is
reported in Figure 7. The comparison is in agreement at maximum and minimum strain
values, with differences among the intermediate values. These differences between the
intermediate values probably arose since the onset of buckling is not immediate during
displacement controlled experimental tests, therefore instability phenomena started, with
less intensity, for lower values of applied displacement. However, both DIC and FE
results indicated the onset of compression instability at a time of 0.85 s, which matches
da = —0.3 mm with a strain change in sign. The effectiveness of the FE procedure and the
displacement values for which buckling occurs were successfully verified.
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Figure 7. Strain values comparison between FEA and DIC.

4. Results from Low-Cycle Fatigue Evaluations

Displacement controlled low-cycle fatigue tests were performed using two values of
displacement ratio: Ry = —1 and R4 = 0. The tests were conducted with a frequency of
5 Hz.

4.1. Low Cycle Fatigue Tests at Ry = 0

Tests at the displacement ratio Ry = 0 were conducted in order to avoid compression
instability effects. Table 5 reports the applied displacement amplitude (d,) at the grips and
the experimental number of cycles to failure (N¢ exp).

Table 5. Parameters and number pf cycles of LCF tests at Ry = 0.

Displacement Amplitude Cycles to Failure
Test
da (mm) Nfﬁexp
1 0.4 2350
2 0.5 850
3 0.45 1450
4 0.55 360
5 0.35 4050

The longitudinal strain at maximum and minimum values of displacement (d, = 0.35 mm)
is illustrated in Figure 8. The upper plate (displacement is applied from this plate) under-
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goes higher strain values, but high strains also continue in the base materials and not only
at the weld toes.

[%] [%]
Stage pont 1 0.613 Stage point 1 0.751
0.400 . 666
0.200
Stage point 2 Stage point 2 0.450
- 0.000 :
Stag ant 3 Stag t 3
0.300
z < -0.200 - -
tage point Stage poin
0.150
-0.400
0.000
-0.600
-0.150
-0.800
-0.300
-1.092 -0.375
() (b)

Figure 8. Longitudinal strain: (a) minimum value of displacement and (b) maximum value of
displacement; (da = 0.35 mm).

Figure 9 shows the stabilized strain cycles of the Stage Points, showing an increment of
the amplitude moving closer to the notch (SP4). The different Stage Points are “in-phase”,
meaning that no bending strains are detected at minimum applied displacement.

—4—5SP0 —¢—=S5P1 —¥—SP2 —@—SP3 ——SP4 da

-strain

> -U.

%

Displacement amplitude, d, (mm)

202 202.5 203 203.5 204 204.5 205
Number of cycles

Figure 9. Longitudinal strain after 200 cycles; (da = 0.35 mm).

4.2. Low Cycle Fatigue Tests at Ry = —1

Fatigue tests at R4 = —1 at different amplitude displacement values were performed.
Table 6 reports the displacement amplitude (da) and the number of cycles to failure (Nf _exp)-
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u TR U

(@)

Figure 10. Longitudinal strain map: (a) minimum value of displacement and (b) maximum value of

Table 6. LCF tests at Ry = —1.

Displacement Amplitude Cycles to Failure
Test
da (mm) Nf_exp
6 0.325 4500
7 0.35 2000
8 0.375 2900
9 0.4 1400
10 0.45 630
11 0.475 570
12 0.5 150

Figure 10 reports the strain map of the longitudinal component observed by the DIC
cameras at maximum and minimum values of displacement. In contrast to what was
observed for the tests at R4 = —0, from the figure it is possible to observe that in both cases
the strain is positive near the welds, meaning that for compressive loading the specimens
tend to deflect and tensile bending strains arise on the observed surface for the presence of
buckling. Thus, one side (the toe fillet side that is in front of the cameras) is subjected to
bending at positive values of strain, while the opposite side (the toe plate side) undergoes
negative values (no cameras were placed on this side).

[%] [%]
1.81 1.300
1.60
1.000

— 1.20
— 0.750

— 0.80
— 0.500

— 0.40
— 0.250

| 0.00
=~ 0.000

—-0.40
—-0.250

—-0.80
-0.500

-1.20
-0.750
-1.67 -0.979

displacement; (da = 0.45 mm).

Figure 11 shows the longitudinal strain map at maximum and minimum values
of displacement. From Figure 11a (d = —0.45 mm), it is possible to observe that the
longitudinal strain is negative at the minimum applied displacement for SP0 (located at
20 mm from the weld notch) and becomes positive near the weld notch for the presence
of buckling.
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Stage pont &

Stage pot §

Stage ponrt 6

Stage poerk 7

(a)

"~

@

Stage pont S

Stage pont 7

(b)

Figure 11. The 3D map and longitudinal strain of SP: (a) minimum value of displacement and
(b) maximum value of displacement; (da = 0.45 mm).

This behaviour is further confirmed by Figure 12, which shows the evolution of the
longitudinal strain (along y-axis shown in Figure 1) of the Stage Points after 200 cycles.

2.5

% y-strain

—4—S5P0 —%—S5P1 —¥—5P2 —®—S5P3 —+—SP4

d
4 05

202 202.5

203

Displacement amplitude, d, (mm)

203.5 204 204.5 205
Number of cycles

Figure 12. Longitudinal strain after 200 cycles; (d; = 0.45 mm).

SPO, which is the furthest stage point from the weld toe, has negative strains at
its minimum value of displacement and positive strains at its maximum displacement
value. Moving closer to the weld toe, buckling phenomena increase for negative applied
displacement values, producing positive strains with values of almost 1.9% at 1 mm close

to the weld toe.

Figure 13 displays the obtained experimental curve d; — N at R4 = 0 and the compari-
son with the test at R4 = —1. Figure 13 shows that the tests at Ry = 0 follow longer fatigue
lives than the data tests performed at Ry = —1, applying high values of displacement
amplitudes (d; > 0.35 mm). The results for R4y = 0 and R4 = —1 are indeed very close, only a
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slight difference is noted in Figure 13 at low values of applied displacement (d, < 0.35 mm),
which means that no compression instability occurs. It is known that the effect of mean
strain on strain range is neglectable for some cycles with N higher than 10 (as described
in [42]). In addition, Zhang et al. [43] stated that the strain ratio effect on the mean stress is
not meaningful for high strain ranges.

A Rd=0 M Rd=-1 (no instability) B Rd=-1 (instability)

0.3
0.2

0.7

06 |

04 |

instability zone

03 |

I~
|
“\.\h\\
no instability zone T~
0.2 . I | )

Displacement amplitude, d, {mm)

0.1
1+ 10° 1= 10° 1= 10 1+ 10°

Number of cycles to faiure, N;
Figure 13. d; — Ny curve (results at Ry = 0 and Ry = —1).

If a difference must be noted, the contrary should be expected because the compressive
loading is considered less dangerous on fatigue life, compared to tensile loading. Never-
theless, for the investigated welded joints, high compressive loading produced bending
strains (as shown in Figure 12) and buckling, which significantly reduced the fatigue lives.

4.3. Finite Element Evaluation for LCF Analysis

A 3D FE model using the same parameters described for the static analysis was
developed. The difference was due to the elastic-plastic material stress—strain curves for
BM and WM used in the simulation, that are given in Figure 3 for the cyclic stress—strain
behaviour representation.

Figure 14 illustrates the longitudinal strain, obtained by the FEA at maximum and
minimum values of displacement. From the figure it is possible to observe that in both cases
the strain is positive near the welds, meaning that for compressive loading the specimen
tends to deflect, and tensile bending strains arise on the observed surface for the presence of
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buckling. As previously observed, the onset of compression instability produces buckling-
like deformations, thus the specimen undergoes bending with a strain change in sign (as
shown in Figure 7).

0.02055
0.015182
0.017699

0.01635

0.012665

0.007949
0.010147

003748

0.

™
|
=
wn
o
(=]
o

-0.004653
0.002595

-0.008853
0.781E-04

-0.004957

Min value of displacement Max value of displacement

Figure 14. FE longitudinal strain map; (da = & 0.45 mm, Ry = —1). ((Left) min value of displacement;
(Right) max value of displacement.)

The surface strains corresponding to the SP0 and SP4 positions were extracted from the
FE model and compared with the DIC measurements shown in Figure 12. The comparison
is provided in Figure 15. Given the uncertainty of the loading history, geometric condition
(toe radius) and material properties, the comparison looks reasonable, which verifies both
the FE model and the experimental measurements. The comparison further clarifies the
positive peak surface strain around the weld toe at the SP4 location.
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2.0
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1.0

0.5

0.0

-1.0

SPO FEA SP4 FEA —SPO DIC ——SP4 DIC

\/\_/—\/\

T
0.5 1 1.5 2 2.5 3 3.5 4

Shifted number of cycles

Figure 15. Surface strain at SP4 (near weld toe) and SP0; DIC (lines) vs. FEA (symbols) evaluation.

The procedure of calculating the different mechanical properties, both static and cyclic,
from simple hardness measurements only, together with the effect of high values of applied
displacement during the compression phase (and how these affect the LCF life), showed
effectiveness when instability phenomena must be considered. This could help designers
assess instability phenomena with a rapid calculation, in relation to causes that could
produce significant fatigue loading.

5. Conclusions

LCF tests of welded joints made of AA 5083 used in marine environments were
performed under displacement controls.

One preliminary static test was performed in order to detect the onset of buckling, in
terms of applied displacement.

The curve in terms of displacement-number of cycles was evaluated and reveals that
when applying high values of displacement amplitude (d, > 0.35 mm), tests at Ry = 0 have
longer fatigue lives than tests performed at R4 = —1. No influence of the different displace-
ment ratios on the d, — N curve is observed at low values of the applied displacement
(da < 0.35 mm).

The 3D analyses carried out by digital image correlation show that, for tests with a
displacement ratio of minus one and d, > 0.35 mm, strain is always positive near the welds,
meaning that for compressive loads the specimen tends to buckle and bending arises.

A non-linear FE procedure to evaluate the elastic-plastic behaviour and the onset of
compression instability was used. The procedure was based on simple hardness measure-
ments that were used for the classification of the different mechanical properties of the
zones (BM, and WM) and were applied in the nonlinear finite element model. This permits
the simulation of complex non-linear phenomena starting only from values of hardness.

The procedure was validated experimentally by means of the DIC technique for
displacement-controlled tests, effectively predicting the onset of compression instability.
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As a general conclusion, the procedure of calculating the different mechanical proper-
ties, both static and cyclic, from simple hardness measurements only, has shown effective-
ness when instability phenomena must be simulated, for both static and LCF conditions.
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