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Abstract

We investigated the difference in fatigue behaviour between the aluminium alloys A5083-O and A5083-H321 because
they are used as structural components in ships and high speed craft. We obtained S-N curves for the base materials and
the welded joints made of A5083-O. The relationship between the fatigue crack propagation rates and the stress intensity
factor ranges AK, AK_, and AKg,; [1] was determined. Additionally, the evolution of fatigue crack growth for
the base materials and the welded joints made of A5083-O was measured. We also carried out numerical simulations of
fatigue crack growth for both base metals and their welded joints made of A5083-O. The difference in fatigue crack
growth behaviour for each alloy and the validity of the numerical simulations of fatigue crack growth based on the RPG

stress criterion [1] in the base materials and their welded joints was investigated.

Keywords: Fatigue, Aluminium alloy A5083, RPG stress, Numerical simulation of fatigue crack growth
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1. Introduction

The use of aluminium alloys in the hull components of ships and high speed craft is increasing because of their light

weight. The A5083 series is widely applied to hull structural components because of its good resistance to sea water.

Design S-N curves for A5083-0 and its welded joints for evaluation have been proposed [2]. The use of A5083-H321,

which is made by a different manufacturing process than A5083-0O, is desirable in hull components because A5083-H321

is stronger than A5083-0. It is expected that the application of A5083-H321 will result in a reduction in hull weight.

However, little information is available about the fatigue behaviour of A5083-H321 and a quantitative comparison

between the fatigue behaviour of A5083-0 and A5083-H321 has not been reported as far as we know.

The conventional design of hull components considering fatigue is carried out by applying the cumulative damages laws,

i.e. the modified Miner’s rule using the design S-N curves as specified by many design codes. Although this procedure is

useful from a practical point of view it does have a serious problem in that it is not clear how transferable the fatigue life

is between specimens and in-service large structures when the above-mentioned conventional procedure is applied to

fatigue life estimation [3].

On the other hand, the fracture mechanics approach for the estimation of fatigue crack growth has been applied when the

evolution of crack length during an operation was investigated. Fatigue crack growth histories can be estimated by

applying the fatigue crack propagation laws, e.g. Paris’ law or Elber’s law. However, these conventional propagation

laws cannot be used to evaluate various transient phenomena quantitatively, such as the retardation and acceleration of

crack propagation because of an insufficient consideration of fatigue crack opening/closing caused by crack wake

forming over crack surfaces. Toyosada et al. [1] proposed an improved effective stress intensity factor range based on a

re-tensile Plastic Zone Generation (RPG) load, which represents the fatigue crack driving force, and developed the

numerical simulation code, FLARP, to simulate the precise behaviour of a fatigue crack considering the contribution of

crack wake forming to fatigue crack growth. The usefulness of their proposed method for the fatigue crack growth of

steels and its welded joints has been validated [1, 4, 5]. It is expected that the application of this improved fracture
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mechanics approach will become common for the fatigue life evaluation of welded structures.
To clarify the difference in fatigue behaviour of the representative aluminium alloy A5083 series and to show the
possibility of numerically simulating fatigue crack growth in the base materials and welded joints of the A5083 series, we
undertook the following study:

1. Comparison of the S-N curves for the base materials of A5083-O and H321.

2. Comparison of fatigue crack growth for the base materials of A5083-O and H321 and a numerical simulation of

fatigue crack growth for each alloy.

3. Measurements and numerical simulations of fatigue crack growth in the cruciform welded joints of A5083-O.
The numerical simulation code FLARP [1] was used in this study.
The difference in fatigue behaviour for each alloy was confirmed by experimental results and the validity of the
numerical simulation of fatigue crack growth in the base metals and welded joints of the A5083 series was carried out by

comparing the measured and estimated crack growth histories.

2. Fatigue performance of the base materials

2.1 Outline of the fatigue tests

The chemical composition and mechanical properties of each material used in this study are shown in Tables 1 and 2. It
can be confirmed from these tables that the H321 alloy has high performance mechanical properties, although both
materials have the same chemical composition. The high performance mechanical properties are derived from the

quenching and tempering process during production.

2.1.1 Fatigue tests for the S-N curves
The specimen configuration used for the fatigue tests to obtain S-N curves is shown in Figurel. Hourglass-shaped
specimens were used. Fatigue tests were conducted according to the JSME testing method S002 [6]. The stress ratio (R)

and loading frequency was zero (the pulsating stress condition) and 30 Hz, respectively. The rise in temperature for the
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specimens was checked during the tests and it was confirmed that the rise in temperature was less than 5°C during these

experiments.

2.1.2 Fatigue tests for the crack propagation rate

The specimen configuration for the fatigue crack propagation test is shown in Figure 2. Centre cracked tensile (CCT)
specimens were used. We used the automation fatigue crack propagation test system developed by Toyosada et al. [4],
which measures the plastic hysteresis rope consumed around a fatigue crack tip automatically and identifies the RPG and
the crack opening loads from the measured hysteresis rope. Specimen compliance was measured to determine the crack
length. The loading conditions for each test are shown in Table 3. Two types of loading pattern were applied. One is a
constant stress amplitude pattern and the other is a decreasing stress amplitude test as regulated by the ASTM standard
E-647 [5]. This was the AK| test. Specimens O3 and H4 were subjected to the AK,, test. The maximum and minimum
loads shown in Table 3 are the initial conditions. Both loads were changed according to ASTM-E647. The loading
frequencies in the fatigue crack propagation tests were set to 10 Hz. The increase in specimen temperature was checked

during the tests and we confirmed that the increase was less than 5 °C during the experiments.

2.2 S-N curves

S-N curves of both materials obtained by the fatigue tests are shown in Figure 3. A comparison of both S-N curves gives
the results listed below:

1) The fatigue limits of both materials show a significant difference. The fatigue limit of A5083-H321 is larger than that
of A5083-0. The fatigue limit ratio for both materials is approximately proportional to the yield strength ratio for both
materials.

2) The fatigue strength at less than 5 x 10° cycles shows no differences for either alloy, although the yield and tensile
strengths of A5083-H321 are larger than that of alloy A5083-O.

The fatigue limit of both materials is large compared to the yield and the tensile strengths of these alloys. The Aluminium
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Association indicated that the ratio of fatigue strength to tensile strength for A5083-H321 is 0.508 [7]. The ratio for the
same alloy obtained from Figure 3 was 0.643. No general information for A5083-O is available from the Aluminium
Association. The production of a round bar type specimen and a smooth surface treatment for specimens might lead to

high fatigue limits for both materials.

2.3 Fatigue crack propagation behaviour of the base materials

The fatigue crack propagation rate for each material is shown in Figure 4 (a) as a function of the stress intensity factor
range (AK ), in Figure 4 (b) as a function of the effective stress intensity factor range based on the crack opening stress
(AK,4 ) and in Figure 4 (c) as a function of the effective stress intensity factor range based on the RPG stress ( AK g ).
From these results, we found that the fatigue crack propagation behaviour for A5083-O and A5083-H321 was
approximately the same.
The material constants for fatigue crack propagation as described by the Paris type fatigue crack propagation law
(da/dN =C AK™, C and m: material constants) are identified from the measured crack propagation rates. The obtained
material constants C and m are shown in Table 4.
Fatigue crack propagation behaves differently for different materials. The relationship between the parameter calculated
by the stress intensity factor range divided into Young’s modulus (AK/E ) and da/dN gives a unique curve for different
materials [8, 9]. Similar results were reported by applying the effective stress intensity factor ranges (AK,; ) [10]. Figure
5 (a), (b) and (c) shows the fatigue crack propagation rate as a function of the parameter where the stress intensity factor
range is divided into Young’s modulus. The mild steel data plotted in Figure 5 was obtained from Toyosoda et al.[1]. The
difference in fatigue crack propagation rate for the different materials can be eliminated by applying this parameter where
the effective stress intensity factor range is divided into Young’s modulus AK /E and AK,. /E . This evaluation

procedure is valid for the stage 11 region of fatigue crack propagation when AK/E is used as a parameter.
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2.4 Numerical simulation of fatigue crack propagation

Numerical simulations of fatigue crack propagation were performed using the numerical simulation code FLARP [1] with
the material constants for fatigue crack propagation law based on the RPG stress, which is shown in the last row of Table
4. FLARP can quantitatively simulate the fatigue crack opening/closing behaviour caused by plastic wake forming over
crack surfaces and has been shown to give accurate crack growth predictions under various loading histories and in
residual stress fields. Detailed information of the numerical simulation procedure by FLARP is introduced in Ref. [1].
Figures 6 and 7 show a comparison of the fatigue crack growth curves obtained by FLARP with measured curves. In these
numerical simulations the material constants were based on the RPG criterion shown in the last row of Table 4. The real
stress loading histories were applied to the AK,, test for these simulations and they are compared in Fig. 8.

The numerical simulation results obtained by FLARP agree well with the measured curves throughout the crack

propagation periods even though the stress amplitude changed during loading.

3. Fatigue crack growth evaluation of the welded joints

3.1 Outline of the fatigue crack growth tests

The chemical composition and mechanical properties of the welded joints used are shown in Tables 1 and 2, respectively.
Only the A5083-O alloy was used for the fatigue tests of the welded joints because we confirmed an meaningless
difference in fatigue strength at less than 5 x 10° cycles for each alloy.

Non-load carrying cruciform welded joints were used as the joint configuration. The specimen configurations are shown
in Figure 9. The welding and loading conditions that were applied are shown in Tables 5 and 6, respectively.

Figure 10 shows comparisons between the measured S-N curves and the design curve for the non-load carrying cruciform
welded joints [2]. The design curve is acceptable when the applied stress range is lower than 100 MPa.

In these fatigue tests, fatigue crack growth was measured for specimen N1 and specimen N2. Both the ink penetration
method and the beach mark method were used to measure fatigue crack shape evolution. The measured fatigue life

consists of the sum of fatigue crack initiation and propagation life.
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Before the fatigue crack growth numerical simulation, the distribution of the weld toe radius along the weld lines at 10
mm intervals was measured. The minimum value of the measured weld toe radius was 0.14 mm. This value was used in
the model to calculate the stress distribution in the cross section of the specimens because the fatigue crack initiates in the
highest stress concentration region. Figure 11 shows the calculated stress distribution results under uniform tensile
loading by elastic finite element analysis and using Glinka’s formula [11]. Glinka’s formula was used to estimate the

distribution near the weld toe.

The residual stress distribution of the specimen that was produced using the same welding process was also investigated
before the fatigue tests because the residual stress affects fatigue crack growth behaviour. Figure 12 shows the welding
residual stress distributions in the cross section of the base plate obtained by the inherent stress method [12].

The inherent stress method gives the residual stress distribution of the cruciform welded joints by the following

equations:

o =1.9420, [ max{f (z:t), f (t—z:t)-N/t} | (1)

where

f(z :t):iexp{—n(zl%zn/B)z}

2, =[2+{(-1)"(n+05)-05]{

B =1.357,/0.16Q/a,
t
N =jomax{ f(z:t), f(t—z:t)}dz |
o : Yield stress of the base material [MPa],
z: Distance from top surface of the base plate, see Figure 9, [mm]
t: Plate thickness of the base plate [mm] and

Q: Heat input per weld length [kJ/mm].
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This equation is valid when the same heat input is used for both the front and back surfaces.
Figure 13 shows a comparison of the measured residual stresses over the front and back surfaces of a specimen and the
estimated stresses were calculated by the inherent stress method. We found that the estimated residual stress distribution

in the cross section shown in Figure 12 is valid by comparison with the results shown in Figure 12.

3.2 Numerical simulation of fatigue crack growth
Numerical simulations of fatigue crack growth in a welded toe without an initial defect were performed according to
Toyosada’s procedure [4] using the numerical simulation code FLARP. A flow chart of this evaluation procedure [5] is

shown in Figure 14.

In general, we observed that fatigue cracks usually initiate as plural surface cracks at a stress concentration site such as a
fillet weld toe. These cracks coalesce as they advance and finally a single large surface crack appears. We also observed
that the depth of the fatigue surface crack just after the completion of the coalescences is usually very small (around 0.5
mm). Considering the fatigue crack behaviour mentioned above a conventional method [4] to evaluate fatigue resistance
of welded joints is proposed. The multiple fatigue cracks that grow near a welded toe were replaced with a hypothetical
single surface crack in this conventional method. A semi-circle was used as the initial shape of the hypothetical single
surface crack and its radius was the same as the average grain radius of the base materials.

The crack shape evolution of both joints should result in solid lines, as shown in Figure 15, when using the conventional
method. The marks in Figure 15 correspond to the measured results.

Figure 16 shows the evolution of the stress intensity factors at the deepest point of a hypothetical surface crack that was
subjected to a remote uniform loading and the residual stress caused by welding. The hypothetical single surface crack
shape evolution shown in Figure 15, the stress distribution at the external loading shown in Figure 11 and the residual

stress shown in Figure 12 were considered for the stress intensity factor calculations under both loading conditions.
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The superposition method was used to calculate the stress intensity factor for the surface crack [4] and the results are
shown in Figure 16. The results from this superposition method agree well with the results from the weight function

method [13].

Equivalent distributed stresses (EDS) that influence finite cracks in an infinitely wide plate were introduced and they
reproduce the change in stress intensity with crack depth for the advancing surface crack because of the applied load and
the welding residual stress.

The corresponding variations in equivalent stresses are shown in Figure 17. The EDS distributions are shown in Figure
17 and the material constants for the fatigue crack propagation law using AK 5 are shown in Table 4 as applied to the
fatigue crack growth simulations. The loading histories that were used to insert the beach marks during the fatigue tests

were also considered in the numerical fatigue crack growth simulations.

3.3 Comparison of the numerical simulations by FLARP with experimental measurements

Figure 18 shows a comparison between the estimated fatigue crack growth curves and the measured curves for each
specimen. Fatigue crack initiation, which is defined as the time that the fatigue crack tip reaches the first grain boundary
from the root of the weld toe can be identified by the applied estimation method. The estimated fatigue crack initiation
times are shown in Figure 18 (a) and (b).

We confirmed that the fatigue crack growth rate of specimen N1 changes at about 4.0 x 10° cycles. We considered that
crack propagation accelerated as the crack tip passed through the compressive residual stress region. A similar
phenomenon was found at 3.2 x 10° cycles in specimen N2. This phenomenon is, however, very small compared to that in
specimen N1 because the applied external stress range for specimen N2 is larger than that in specimen N1.

The estimated result for specimen N1 shows agreement with the measured value. The estimated fatigue crack growth in
specimen N2 was faster than the measured growth. From both comparisons we found that the numerical simulations can

safely estimate the fatigue crack growth history.
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The faster life estimation for specimen N2 was due to insufficient information about fatigue crack shape evolution, as
shown in Figure 15. The same crack shape evolution was assumed for both numerical simulations. The applied method
for determining the surface crack shape evolution is based on a measured result from the corner boxing fillet joints
wherein the fatigue crack initiation sites are limited. On the contrary, the cruciform welded joints used in this research
have wide fatigue crack initiation sites. The procedure to set up the surface crack shape evolution for the cruciform

welded joints might be modified in future.

4. Concluding remarks
Differences in the fatigue behaviour of the aluminium alloys, A5083-O and A5083-H321, were investigated by
investigating their S-N curves and the relationship between fatigue crack propagation rates and stress intensity factor
ranges. A numerical simulation of fatigue crack growth for both the base metals and their welded joints made of
A5083-0 was carried out.
The following results were obtained:
1. No significant difference in the fatigue strength over a finite amount of time was found between the alloys;
however a significant difference was found for the fatigue limit between the alloys.
2. No significant difference was found in fatigue crack propagation behaviour between the alloys.
3. A numerical simulation of fatigue crack growth in the base materials can be performed using FLARP with
suitable material constants for AK.; and based on the fatigue crack propagation law.
4. A numerical simulation procedure for fatigue crack growth from the weld toe can be performed according to
the conventional procedure given in Ref. [4] using FLARP.
A precise investigation into the fatigue crack shape evolution for many types of welded joints is required to increase the

accuracy of fatigue crack growth estimations.
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Table 1 Chemical composition of the aluminium alloys A5038-O and A5083-H321 (wt%)

Alloy type | Si Fe | Cu | Mn | Mg | Cr | Zn Ti

0] 0.16 | 0.19 | 0.01 | 0.67 | 461 | 0.10 | 0.01 | 0.02

H321 0.16 | 0.19 | 0.01 | 0.67 | 461 | 0.10 | 0.01 | 0.02

Table 2 Mechanical properties of the aluminium alloys A5038-O and A5083-H321

Alloy type | Yield strength [MPa] | Tensile strength [MPa] | Elongation [%]

O 183 335 15.5

H321 256 367 11.2

Table 3 Loading conditions for the fatigue crack propagation test

Specimen ID | Maximum load [KN] | Minimum load [KN] | Stress ratio (R)
o1 4.06 0.240 0.06
02 7.89 3.90 0.50
03~ 4.19 0.243 0.06
H1 10.8 5.09 0.47
H2 8.07 2.36 0.29
H3 5.93 0.200 0.03
H4 * 6.48 0.343 0.05

*Specimens O3 and H4 were applied to the stress amplitude decreasing test

(AK,, ). The maximum and minimum loads listed in Table 3 are initial

conditions. Both loads were changed according to ASTM-E647.
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Table 4 Material constants for Paris law type fatigue crack propagation.

Fatigue crack propagation laws

C m

da/dN =C(AK)"

1.46 x 10 | 4.00

da/dN =C(AK, )"

3.69x10%° | 2.81

da/dN = C(AKgeg )"

8.73x10%° | 2.51

The unit for stress intensity factor range is MPa m*? and for

the crack propagation rate da/dN, it is m/cycle.

Table 5 Welding conditions for the built-up specimen

Welding method MIG welding
Torch travel speed [mm/s] 13.3
Voltage [V] 7.20
Current [A] 730

Table 6 Loading conditions of the fatigue test for welded joints

Specimen ID Maximum load [KN] | Minimum load [kKN] | Stressratio (R) | (Note)
N1 94.1 47.1 0.5 Crack growth measurement
N2 61.9 3.10 0.05 Crack growth measurement
N3 112 5.60 0.05
N4 80.2 16.0 0.2
N5 83.9 25.2 0.3
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Fatigue crack propagation rate: da/dN [m/cycle]

Fatigue crack propagation rate: da/dN [m/cycle]
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Fig. 6 Comparison of the fatigue crack growth curves obtained by FLARP and experimentally (A5083-O, constant

amplitude loading).
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Fig. 7 Comparison of the fatigue crack growth curves obtained by FLARP and experimentally (A5083-H321, constant

amplitude loading).
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Fig. 8 Comparison of the fatigue crack growth curves obtained by FLARP and experimentally (AK,, tests).
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Fig. 9 Specimen configuration of the welded joints.
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Fig. 10 Comparison of the S-N curves from the fatigue tests with a design curve by Maddox.
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Fig. 11 Stress distribution in the cross section (y component along the z axis, x = 0).
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Fig. 12 Estimated residual stress distribution in the cross section of the base plate obtained by the inherent stress method.
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Fig. 13 Comparison between the measured residual stresses with estimated stresses determined by the inherent stress
method.
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Fig. 15 The hypothetical surface crack evolution throughout the crack growth with measured crack shapes.
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Fig. 16 Stress intensity factors as a function of crack depth.
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Fig. 17 Equivalent distributed stress (EDS) distribution as a function of crack depth.
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Fig. 18 Comparison between the estimated fatigue crack growth curves and the measured curves.
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