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ABSTRACT

Fatigue life is the summation of crack initiation lite and propagation life, but the
technigue to evaluate initiation and propagation of the crack by a unified theorem has
not been estaplished yet. Toyosada et al. proposed a fatigue crack propagation law
based on re-tensile plastic zone's generated load (RPG load). Moreover, they
established a simulation code for analyzing fatigue crack propagation behavior in
various aluminum alloys. An investigation is necessary to check the crack opening
behavior in case of both expetiment and simulation for each aluminum alloy, before
conducting estimation of fatigue crack propagation behavior in aluminum alloys. In this
study, the crack opening profiles in aluminum alloy 5083 were estimated by Dugdale
Model and these profiles were compared with those by experiments and FEM subject
to CCT specimen and a coefficient, called plastic constraint factor was introduced,
which should be applied to Dugdale Model to achieve improved crack opening profile
in aluminum alloy.

INFRODUCTION

Eiber [1] pointed out that fatigue cracks remain closed during the part of load cycle
under fatigue loading and proposed effective stress intensity factor AKgs which
corresponds to the period in which the crack remains open for fatigue crack
propagation rate. The effects of stress ratio and spike load on fatigue crack
propagation rate could be quantitatively assessed by AK.s However, there is a
contradiction that fatigue crack propagates even below threshold value of AKqy i.e.
(AK.m)munder the two step alternating constant amplitude loading [2].

Toyosada et al. [3] considered that fatigue damage does not store up at the crack tip if
tensile and compressive plastic zones do not appear in one cycle of repeated loading.
Based on this consideration, they proposed that there should be a parameter of
fatigue crack propagation rate that is stress intensity factor range AKge which

corresponds to the load amplitude from the load when tensile plastic zone appears

(re-tensile plastic zone's generated load, RPG load) to the maximum load during
loading process. Then, a system that measures RPG load has been developed [4].

It is clarified after performing fatigue crack propagation test subject to -constant load
amplitude with various siress ratios by using this system that the effect of stress ratio
can be quantified. Moreover, they developed a program for analysis of fatigue crack
propagation, by which simulation of closure behavior of through-thickness cracks is
possible, and this can be estimated by only calculating RPG load. They also verified
the ability of this simulation code in the case of steels used as welding structures by
comparing with experimental results. :
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Recently. [5, 8, 7] they are accomplishing their research to verify. validity of simulation
for estimating fatigue crack propagation behavior in various metals, e.g. aluminum
alloy. For this purpose, investigation is necessary to verify the crack opening prafiles
in case of both simulation and experiment far each alurninum alloy. :

The crack opening profiles in aluminum alloy 5083 are estimated here by Dugdale
Model, finite element method (FEM) and: by laboratory experiment. Then a comparison
study is conducted with these profiles subject to CCT (Center cracked tension)
specimen. A coefficient, cailed ‘plastic constraint factor (pcf)’ is then introduced, which
is applied to Dugdale Model for the improved crack opening profile in aluminum alloy
5083. :

MATERIAL PROPERTIES AND. SPECIMEN.CONFIGURATION

In the present study, aluminum alloy 5083 is selected by considering the importance of
this material in various marine, aulo, aircraft and other applications for its light weight
on strength basis, good corrosion resistance, etc. Round bar tensile test is performed
with this alloy in order to achieve the values.of Young's modulus, yieid stress, stress
hardening coefficient, etc which are used in the calculations of Dugdale Model and
finite element analysis. CCT specimen made of aluminum alloy 5083 is used in the
experiment, calculation by Dugdale Model and in the finite elerment analysis. Table 1
shows the chemical composition of this material.

Table 1. Chemical composition of the specimen

Metal %

Si 015

Fe 1 0.21

Cu . 0.02

Mn 0.71

Mg 4,60

Cr 0.11

Zn 0.01

Ti ‘ ' 0.02
Other Max. 0.15

Al Rem.

ESTIMATION OF CRACK OPENING PROFILES
By Dugdale NModel

Paris [8] stated that the through-thickness crack in deformed condition at made |1, for
concentrated load, can be expressed by:
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V(x,.): E"[“ g(x, a)g(xr,a)da = _/'(_.\', ,x,a) (1)‘

where, the stress intensity factor K = g(x,a), and the crack opening displacement
(CODY at x = x:

Figure | Configuration of CCT specimen

Applying Eq.(1) and from the following equation by Tada et al. [9], which expresses K

'Em[r:her; )the concentrated load of mode | acts on the crack surface of a CCT specimen
ig.1):

G(-\",a] ‘
K= 2P tanﬂ _ a w (2)
V2w 2w 1— cos{ma /2w)| "
' cns(j’rx/Qw)

where, G(y.ar)=1+0.297 lmxz(l—cns%)

COD at W(x) at x = x, when a concentrated load P, acts on the position of x = x; can be

written as follows:
X« Xoa
({_"’ H'] . (3) ‘
g w o W

da

Ao A
V{.x)——EJ: (mnzw} : -
wili— cosgar/ 2w) . cosém/Zw_)
. cosfmy, /2w) cosfv/2u)

COD has been estimated by Dugdaie Model, a famous crack opening type coherence
model by Dugdale [10], when L;_nit concentrated load acis on each crack surface
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position of x/a = 0, 0.0125, ... subject to CCT specimen for a/w= 0.3, 0.5 and 0.7 (i.e.
uniform stress distribution with various apptied stresses) from Eq.(3).

By Finite Element Method : _

In this study with FEM, a preprocessor called FEMAP (Finite Element Modefing and
Postprocessing) is used to create a model, which is equivalent to the CCT specimen.
The properties of the material are input, which are same for the actual data of
atuminum alloy 5083. Then, the model is discretized by following the way for acquliring
better resulis. Boundary conditions are applied to the mode! so that the results subject
to displacements can be achieved in case of the same model as during calculations by
Dugdale Model, such as a/w = 0.3, 0.5 and 0.7. Loading condition is also set up for
same as Dugdale Model, as remote uniform tensile stress distribution. For analysis of
the model, FINAS (Finite Element Nonlinear Structural Analysis System) is used to
achieve the results subject to displacements in each case of a/w = 0.3, 0.5 and 0.7 in
various loading steps. :

By Experiment o

The experiments are performed with CCT specimen (240mm X 100mm x 8mm) of
aluminum alloy 5083. The mechanical notches are inserted at the center of the
specimen in three different cases as a/w = 0.3, 0.5 and 0.7. COD are measured in
various uniform tensile loading steps in three cases of a/w. Considering the
importance of the displacement data, experimental investigation is performed at the
crack tip neighborhood and mouth part of the crack.

COMPARISON STUDY _

In the comparison study, results obtained by Dugdale Model, FEM and experiments
are compared to investigate and analyze the crack opening behavior of aluminum
alloy 5083 in the case of CCT specimen. Figures 2, 3-and 4 show the results subject
to crack opening profiles in various cases of a/w, by Dugdale Model, FEM and
experiment, at simildr loading steps.

It is found that experimental results almost agree to other results obtained by Dugdale
Model and FEM at mouth part of the crack, but differ at tip part. Because, Dugdale
Mode! uses a concept of the virtual crack that differs from the actual crack and FEM
presents approximation, whose output at tip part depends on mesh size near crack tip.
However, it is recognized that the results estimated by FEM show better crack
opening profiles than those by experiments as well as by Dugdale Model. Results
subject to COD estimated by Dugdale Model show larger profiles than those by FEM.
It is.understood from figures that Dugdale Model presents larger COD than actual one
and we can refer the results obtained by FEM as more accurate than those by
Dugdale Model, aithough accuracy of the results near the crack tip by FEM depends
on discretization technique. Therefore, it should be better to search a way to develop
the method subject to Dugdale Model.

In this study, the crack opening profiles estimated by FEM have been considered as
reference. Then, a coefficient, called plastic constraint factor, has been introduced in
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case of calculating the crack opening displacement profile by Dugdale Model for
improved resuits which-match with the resulis by FEM.

PLASTIC CONSTRAINT FACTOR

The ratio of effective yield stress to general yleld stress is called plastlc constraint
factar, A. Before suggesting its candidates, the plastic constraint factor in each-loading

' ‘_ step is calculated so that the profile estimated by Dugdale Model matches with the

- respective proﬂle estimated by FEM, at both cases of mouth and tip parts of the crack.

Figure 5 shows the plastic constraint factors needed for varlous Ioad[ng (net stress)
steps for a/w = 0.3, 05and07

“It is'understood that it is necessary to propose a constant factor as plastic constraint

factor by aiming at both mouth and tip parts of the crack. Here two reasonable
candidates for plastic constraint factor are presented.

First and second candidates for plastic constraint factor as A =1.061land A =1.832

- are proposed by considering best average matching of crack opening profile at the
mouth part and tip part [at the crack tip opening displacemeént (CTOD) position] of the
crack respectively, in each loading step estlmated by Dugdale Model with the
respective profile estimated by FEM

0.2

Solid ling: Dugdale Madel
Dotled line: FEM resulis
______________ Marked poinls: Test results

Crack cpening di"sp\acemenl {mm]
- o

P, = 36.75 MPa (P, = 52.5 MPa}

0 10
Dlslance from the crack center {mm]

Figure 2 Compunng the cr:u:k opening profiles incuse of a/w = 0.3
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Figure 5 Relation between plastic contraint fuctor and applied net stress

Jburna! of Mechanical Engineering, 1EB, Vol. ME_- 32, June & December 2003.




Crack Opening Behavior in Aluminum Alloy 5083 ' 32

Figures 6, 7 and 8 show the comparison among crack opening profiles by Dugdale
Model, FEM and experiment for a/w = 0.3, 0.5 and 0.7 respectively, where estimation
by Dugdale Model is performed by using first candidate for plastic constraint factor.

These three figures show reasonable improvement in the profiles, especially at the
mouth part of the crack,

Figures 9, 10 and 11 show the con’iparison among crack opening profiles by Dugdale
Model, FEM and e_xperiment for a/w = 0.3, 0.5 and 0.7 respectively, where estimation
by Dugdale Model is performed by using second candidate for plastic constraint factor.

0.2 r
Solid line: Dugdale Madel lpef = 1.061)]
Dotied line: FEM resuits

Marked points: Testresulls

0.1

Crack opening displacement [mm}

F; =36.75 MPa (F = 52.5 MPa)

0 - L
0 10
Distance from the crack center {mm]

Figure 6 Comparison of crack opening prefiles in afw = 0.3, estimaled by Dugdale
Model, FEM and experiment, where Dugdale Model used first cardidate for pel
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Figure 7 Comparison ol crack apening prefiles in afw = 0.5, estimated by Dugdale
Model. FEM and experiment. where Dugdale Model used first cundidate for pef
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Figure $ Comparison uf crack npening profiles in a/w = 0.7, extimated by Dupdale
Madel. FEM and experiment. where Dugdale Mudel used first candidate Tor pet
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Figure % Comparison of erack opening profiles in ajw = 0.3. estimated by Dupdale
Muodel. FEM and experiment. where Dugdale Model used second candidate Tor pef

CONCLUSION . ' s
For the purpose of investigating crack opening behavior of aluminum alloy 5083

subject to CCT specimen, crack opening profiles were estimated by Dugdgle Model,
FEM and experiment and a comparison study was conducted. The comparisen study

presents the following conclusion:

It is understood that Dugdale Model presents larger COD than the actuat one.
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Figure |1 Comparison of crack opening profiles in afw = 0.7, estimated by Dugdale
Model, FEM and experiment, where Dygadale Model used second candidate for pef

The Icrack opening profiles estimated by finite efement method (FEM) present better
results

The experimental results almost agree to the other results obtained by Dugdale Model
as well as FEM at the mouth part of the crack, but differ at the tip part. Because,
Dugdale Model uses a concept of the virtual crack which differs from the actual crack

and FEM presents approximation by analysis, whose output at the tip part depends on
the mesh size near the crack tip.
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The estimation method of the crack opening profile in aluminum alloy 5083 regarding
CCT specimen, by Dugdale Model can be improved by uiilizing plastic constraint
factor during the calculation by this model. Two reasonable candidates for plastic
constraint factor have been presented by aiming at both mouth part and tip part of the
crack. Between them, A= 1.081 can be proposed as most suitable candidate, since
results subject to crack opening displacements at mouth part of the crack gstimated by
FEM, are more reliable than those at the crack tip neighborhood. Because, results at
crack tip neighborhood estimated by FEM differ according to mesh size near that part.
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