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Numerical Simulation and Experimental Studies on
Elastic-Plastic Fatigue Crack Growth

Jie Wang!, Wei Jiang"" and Qi Wang'

Abstract: A elasticplastic fatigue crack growth (FCG) finite element modelwas
developedor predicting crackgrowth rate under cyclic load. The propagation criterion
for this model was established based on plastically dissipated ef@mggrackgrowth
simulationunder cyclic computationwas implementedthroughthe ABAQUS scripting
interface The predictionsof this modelarein goodagreementvith the resultsof crack
propagatiorexperimentof compact tensiospecimermadeof 304 stainlesssteel Based
on the proposed model, the single peak overload retardation effect of-plastic
fatigue crack was analyzet@ihe resultsshowsthat the single peakoverloadwill reduce
the accumulatiorrate of plasticenergydissipationof elementsat cracktip plasticzone,
so that crack growth will be arrestedThe crack growth rate will not recover until the
crack tip exceedthe affectedregion Meanwhile, the crack growth rate is mainly
determinedoy the amplituderatherthanthe mean loadunder the condition of small scale
yielding. The proposeanodelwould be helpful for predictingthe growth rate of mode |
elastieplastic fatiguecrack

Keywords: Plasticdissipationenergy elasticplasticfatiguecrack finite element model
crackgrowthrate

1 Introduction

Fatiguefailure of componentsisuallyinvolves the initiation and propagatiorof cracks
Accurate prediction of crack growth rate has a great significancefor evaluatingthe
servicelife of equipmentand componentsCurrently, thereare many approache which
baseon correspondindailure criteria hasbeenproposedo predictfatigue crackgrowth
rate,includingdamagemechanicsstressntensityfactors andenergycriteria[ Meneghetti
and Ricotta (2016); Noroozi, Glinka and Lambert (2007); Kujawski1p0@aris(1963);
Huffman (2016). The formulasbased orstressintensity factorshave beenwidely used
for calculatingfatiguecrackgrowthrate,which aremainly derivedbasedn the theory of
linear elastic fracture mechanicsor empirical formula obtainedby fitting experimental
results The application scopeof theseformulasis limited. Especially for the metal
materialswith high toughnessthe calculationaccuracyis relatively low [Huseyin Gall
and Garcia (1996)]. However, with the continuousdeepeningand developmentof
relevantresearchesplastic deformationnearthe crack tip usually occursduring crack
propagationThe existenceof plasticzonewill introduceresidualcompressivestressear
thetip which canrationally explainthe single peakoverloadretardationeffect of fatigue
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cracks.Many scholarshavecarriedout a lot of experimentaland theoreticalstudieson
the plasticzonenearthe cracktip. Gaoet al. [Gag Wang Kanget al.(2010) presented
ananalyticalsolutionto calculae the cracktip plasticzonein planestressstatesbasedn
stressfield equationsand Hill yield criterion. Beselet al.[Besel and Breitbarth (2016)
studiedthe types of plastic zonesat cracktip of a commerciallyavailable aluminium
alloy under cyclic loadingand found that there are five kinds of plastic zones(PZ)
including primary plastic zone (PPZ), persistentpart of primary plastic zone (PPPZ),
cyclic plastic zone (CPZ), backwardcyclic plastic zone (BCPZ) and forward cyclic
plastic zone (FCPZ). Rice [Rice (1967) pointed out that the plastic deformation of
metallic materialsis mainly due to dislocation movement causedby fatigue. The
accumulationof plastic strain candirectly lead to the increaseof plastically dissipated
energy.Microplastic strain hysteresisenergyis consideredio be an index for fatigue
damage.The fracture failure would occur when the plastic dissipationenergy of the
materialreaches critical value[Feltenr and Morrow (1961)Therefore the propagation
of cracks can be regardedas the failure of materials near the crack tip with the
accumulationof plastic dissipaton energy under cyclic loading. The application of
critical plasticdissipationenergycriterionfor fatiguecrackextensionwasfirst suggested
by Rice [Rice (1967), and large numberof numericaland experimentalstudieswere
followed. Klingbeil [Klingbeil (2003) proposé a newtheoryfor predictingfatiguecrack
growth basedon the total plastic erergy dissipationper circle aheadof the crack.Dang
[Dang (1993]) corroboratedthat dissipatedenergy criteria were versatile both at the
microscopicand macroscopicanalysisof fatigue through a macremicro approachin
high-cycle multiaxial fatigue The experimentalcarried out by Ranganatharet al.
[RanganathgnChalon and Meo (200Balsoshowthatthe plasticdissipationenergycan
be usedto determinecrackpropagatiorratesunderboth constantamplitudeandvariable
amplitude cyclic loading. Pandey[Pandey (2003] developeda FCG model under
constantamplitudeloading by consideringenergybalanceduring growth of the crack.
Zuo et al. Zuo, Kermanidis and Pantelakis (20p3roposeda strain energy density
crackgrowthmodelwhich canpredictthelifetime of fatiguecrackgrowth.

Numericalmethodshavebeenincreasinglyusedto solve complexengineeringproblems
since the developmentof computersand numerical method especially, since the
significantgrowth of computingpowerin the last decadegDing, Karlssonand Santare
(2017); BreitbartrandBesel(2017); Camad.opez Gonzalez et al(2017); Paul (2016);
PaulandTarafder(2013]). The plasticzoneat cracktip is relatively small. The numerical
modelwith refining grid canbe usedto simulatethe changerule of cracktip plasticzone
under periodic load, and the plastic dissipaton energy of the elementscan also be
determinedeasily. Nittur et al. Nittur, Karlsson and Carlsson (201 3pvestigatedthe
crackgrowthrateduringcyclic loadingvia numericalsimulation,andthe crackextension
is governedby a propagatiorcriterion that relatesthe incrementin plastically dissipated
energyaheadof the cracktip to a critical value.Ding et al. Ding, Karlsson and Santare
(2017) simulatedthe parisregime fatigue crack growth in polymersvia a numerical
procedure The propagationis calculatedbasedon the assumptiorthat crackextensions
controlled by the plastically dissipatedenergyin the plastic zone around crack tip.
Comparedwith the approachbasedon stress,strain or displacementthe prediction
method of crack growth rate basedon plastic dissipationenergyis attractivefor the
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following two reasonsi1) even with classicalsharpcrack modeling,the plastic strain
energy is nonsingulay which makes for straightforwardintempretation of numerical
results [Klingbeil (2003)} (2) predicting the crack growth rate basedon the total
dissipatedenergyis in good agreementwith broadtrendsin crack growth datafor a
variety of ductile metals such aseveralaluminum low carbon steetjtaniumandnickel
basedlloysusedin aerospacapplications

In this study,a two-dimensionafinite elementmodelof precrackedcompacttension(CT)
specimenwvasestablishedo simulatecrackgrowth undercyclic computationMeanwhile,
thecritical plasticdissipationenergyhasbeendevelopedasthefailure criterionof elements
to studythe crackgrowthrateundercyclic load, including constanamplitudeloads,single
peakoverload,andrandomloads.Thetwo-dimensionaplanestrainfinite elementmodelis
suitablefor simulatingstressstateof thick plate,which canalsosavecomputingcost.lt was
found that this model can predict the crack growth rate accuratelyby comparing the
calculation results and experimental resiB&sed orthefinite elementmodelproposedn
this paper,the distribution of plastic dissipaton energyin the vicinity of cracktip under
cyclic loadingandcrackpropagatiorrateunderdifferentloadswerestudied.

2 Modeling framework
2.1 Material and determinationof critical plasticdissipativeenergy

The plasticdissipationenergyis causedy plasticdeformationrandthe accumulain law of
whichis determinedy the constitutiverelationof materialsundercyclic loading. The 304
stainlesssteel (304SS)has good mechanicalpropertiesand toughnesswhich has been
widely usedin manyfields of manufacturingndustry. This paperwill take 304SSasthe
researctobjectandthe mechanicapropertiesof this materialare shownin Tab. 1 [Syed,
Jiang, Wangt al.(2015]). Thecyclic stressstraincurveof 304SSs shownin Fig. 1.

Table 1: Mechanicalpropertiesf 304SS

Tensilestrength  Yield strength Elongation Elasticmodulus
(MPa) (MPa) (%) (MPa)
520 206 40 195100 0.267

Poisso@s ratio

According to RambergOsgood[Ni e s § o n yand KabDfsank (2008) cyclic stress
strain curve, the correlation between stressand strain under uniaxial load can be
describedwvith thefollowing expression.

o 1/,0‘
e=> £°°9 (1)
E ¢ =

where k' is the cyclic strengthcoefficient; n" is the cyclic strain hardeningexponent;
€and S arethestrainandstressE is themodulusof elasticity.

The correlationbetweenstrain amplitude and cycle numberscan be expressedy the
MansonCoffin-Basquinstrainlife fatiguecurve[Ricotta (2015]), asshownbelow.
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where Dg/2 is the strainamplitudes 2N; is the numberof reversalsto strainfailure;
S, is thefatiguestrengthcoefficient, calculatedasthe valueof the stressamplitudefor

2N, =1: b is the fatigue strengthexponent; &, is the fatigue ductility coefficient,

defined as the value of the plastic strain componentfor 2N, =1: C s the fatigue
ductility exponentand E' is the material dynamic elastic modulus, which is usually
consideredo be equalto elasticmodulusE.
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Figure 1. ComparisorbetweertestresultsandRambergOsgoodmodelcurve

The RambergOsgoodstressstrain equationof 304SScan be obtainedby leastsquares
fitting method thecalculationprocesss shownasfollows.

TheEq. (1) canberearrangedn theform of y=Ax 4B is shownasfollows [Liu, Zhou
Xia et al.(2016]):

a s o1 1
Inag- — O—rTIn S HInK 3

. . 3 1 1.
in which y=hg < , X=Ins, A==, B=-=InK . Therefore,parameterd\ and B can
¢ E n n

be estimatedby least squaresfitting as shownin the following Eqg. (4) and Eq. (5).
Constantn is the number of corresponding variables.
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The fatigue life of the material under a strain amplitude e, can be obtained by
conducting fatigue test, the total strain amplitude e, is consistsof elastic strain
amplitude €, and plastic strain amplitude €,. The fatigue life under corresponding
elastic strain amplitude and plastic strain amplitude can be obtainedaccordingto the
strainlife dataof stainlesssteel 304 [Wang Kan and Zhang (2003) and Eqg. (2). The
undeterminectoefficientof Eq. (6) andEq. (7)is s, b, € and ¢, which canbe got
by linearregressionThen,the MansonCoffin-Basquinstrairtlife fatigueequationcanbe

determinedultimately. The calculation processcan be completedthrough the Curve
Fitting tool in thecommerciakoftwareMatlab.

s, b
f
e =—(2N,) (6)
E
o c
e, = g(2N;) @)
S
— — a
6= £-.65 & (8)
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Figure 2: Fitting curveof strainlife

PandeyPandey (2003)presents the concefitatenergy W, absorbedill fractureis the
areabelow the cyclic stressstrain curve. The formula for calculating critical plastic
energyis shownasfollows.

. o + 1y
oo 4n as o .
WS e LT 8 e ©
(; -

where W, is critical plastic dissipation energys?'f is fatigue strength coefficientg,

is fatigue ductility coefficient;k is cyclic strength coefficient;n is cyclic strain
hardening exponent.
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2.2 Calculation of crack propagationrate

Accordingto the Neubermicro-supportconcept,the engineeringmetallic materialscan
be modeledas a medium made of elementblocks of dimension @ [Mikheevskiy,
Bogdanovand Glinka (2019) The propagationof cracks can be consideredas the
fracturefailure of elementsat the front of cracktip. As shownin Fig. 3a,thereareeight
elementsarrangedn the front of the cracktip. As they are symmetricalaboutligament,
the plasticdissipativeenergyof correspondinglementsare equalbecausef their same
plastic deformation,such as elementl and element5. For mode | crack, it can be
assumedhat the crack propagatesalong the ligament. The plastic deformationof the
elementsin plastic zone would be producedundercyclic loads. Therefore,the plastic
dissipationenergyin the elementswill continueto accumulatewith the increaseof load
cycles.The numericalresultsshowthat the plastic dissipationenergyof elementl and
elements accumulaterapidly and much higherthanthat of otherelementsThe plastic
dissipationenergyof thesetwo elementswill reachthe critical value first. When the
plastic dissipationenergy of elementl and element5 reachesthe critical value, crack
propagatiorwill be accomplisheddy releasingthe constraintson the currentcrack front
nodesattheendof theloadcycle,i.e. at minimumload,asshownin Fig. 3b. Theincrement
of crackpropagatioris increasedvith the binding of nodesthen,the currentcrackgrowth
ratecanbe expresse@dsEqg. (10). For standardCT specimenthe 1/2 modelcanbe adapted
for numerical simulatiorandsymmetryboundaryis theligamentof crack

(@ ()
/\"
Crack tip
Ligament
1
1]2]3]4 20314
s5le|7]s s|6]7]8
5
\/_\
Figure 3. Schematiof crackpropagation
da _ d
NN (20)

where da/dN represenffatigue crack propagationrate, N, is the cycles requiredfor
plasticdissipationenergyof a elementreachto the critical value.

3 Parameterizedfinite elementmodeling and calculation processdescription

In this paper,the standardCT specimenhas beentaken as the researchobject, and
dimensionsare shownin Fig. 4. The specimenwith a 2 mm precrackis madeby wire
cutting machineand the total length a of the initial crackis 18 mm. The numerical
simulation is implementedin the commercially available finite element simulation
packageABAQUS andthe elementtype is CPE4.The linear kinematic hardening model
was adoptedo consider the Basinger effeahder cyclic loadingThe vicinity of crack
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tip is refinedby structuralmeshwith thesizeof d. A referencepointis setin the center
of pin hole, and the kinematic type coupling constraintis establishedbetweenthe
referencepoint andthe innerwall of pin hole. The load in the direction of the X-axisis
appliedonthereferencepoint.

,A— s
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X symmetry boundary condilionl | | Crack tip |

W=80
1.25W=100 A-A

>

Figure 4: Dimensions andifiite elementmodelof CT specimen

In orderto achievecomputationakchemeéor cyclic crackpropagationthe parameterized
modeling was completethrough ABAQUS script file. The script file of ABAQUS is
written in an objectoriented programminglanguagebasedon Python. The contentsof
scriptfile includecreationof model,settingthe parametersf materialandelementtype,
specificationsof loadsand boundaryconditions,finite elementmeshgenerationrand so
on. Then the Job file was automaticallysubmittedto the ABAQUS to completethe
calculation. Once the computationwas completed,the plastic dissipative energy of
specificelementwas extractedfrom the databasdile. Thencompare theralues with the
critical dissipationenergyto judge whetherthe crack cangrowth, otherwisethe number
of loadswould be further increasd. If the extensioncriterion was satisfied,the crack
would propagatea length of da which is equalto d. When the crack extendsto a

specifiedlength a_, the programwould automaticallyexit. The datatransferfunction of

ABAQUS canachievethe goalsof settingpreviousdatabases the predefinedfield of
currentmodel, which can effectively avoid repeatedcomputationand save computing
time. The specificcomputingprocesgsanreferto theflow chartof Fig. 5.
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Create finite element model
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waiting for the completion
of computation

Recreate the model and set
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Figure 5: Flow chartfor predictionof crackgrowthlife basel on ABAQUS

4 Crack propagation experimentof 304CT specimen

In orderto verify the accuracyof numericalmodel establishedn this paper,the crack
propagationexperimentof CT specimenmadeof 304 stainlesssteelwas carriedout by
MTS 810 materialtestsystem The CT specimenswith 2 mm prefabricateccrackswere
preparedin accordancevith ASTM E64712 standardsand the dimensiors of which is
shownin Fig. 4. As the precrackwascreatedoy awire electricdischarganachiningsystem,
theirregularcrackfront may affect the generatiorof initial cracks.Beforethe experiment
was started,the fatigue crack with a length about 0.2 mm was prefabricatedwith low
amplitudeload. Thenthe distancebetweenthe newly generatedtracktip andload action
line (The connectionbetweentwo centersof pin holes)is takenastheinitial lengthof the
crack. The sinusoidalconstantamplitudeperiodicload was appliedin the fatiguetest,the
frequencyis 20 Hz, the load ratio is 0.1, andthe maximumload is 8 kN. Threesamples
wereusedin this experimenandthe basicparametergareshownin Tab.2.

Table 2: Basic parameters of specimen

Initial lengthof crack Ultimatelengthof crack

No. Total cycl
0 (mm) (mm) otal cycles

1 18.150 24.686 88000

2 18.195 23.318 68000

3 18.188 22.713 57000
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Figure 6: Experimentalequipmentand specimena. Material test systeml. MTS 810
materialtest system 2. CT specimen 3. measuringmicroscopeb. The photographof
cracktip prefabricatedy wire cuttingmachine

In general, the Paris formula is wildly used to evaluatecthek growth rate under the
condition of small scale vyieidg [Mikheevskiy, Bogdanowand Glinka (2015)Toshihisa
(2005]). Technical manual$Zhao (2015) proposed a formula based on Paris' law for
calculating the crack growth rate of 304SS, in which the material constants are
c=7.453210" and m=3.1, as shown below.

da 3.1
=745 104( B 11
N (&) (11)

The range of stress intensity factor in above formular can refer to the empirical formula
of DK presented iMSTM E64711 standardsas shown below

_DP [(2+a)
BWW (1- a)*
in which a=a/W, DP isload range,B is the thickness of CT specimen.

The experimentalresults are comparedwith the results of numerical simulation and
theoretical formulaasshownin Fig. 7. Theresultsshowthatthe simulationresultsarein

good agreemenwith the resultsof experiment and theoretical formuldowever, the

crack growth rate evaluated by theoretical formula gradually exceeds the value with the
increase of crack length. Theasmn maybe that the plastic region in the vicinity of crack
tip is increased with the increase of crack length and the Paris formula is established on
the basis of linear elastic fracture mecharttesory Therefore, the accuracy of the
theoretical formula will be reducedslith the increase of the plastic zone at the crack tip
This result also shows the superiority of the finite element model in describing the
propagation of elast-plastic fatigue cracksThe curve of simulationresultsalso show

that crack growth rate of CT specimerunderconstantamplitudecyclic loadsincreased

with the extengon of crack. The main reasoncontributingto this phenomenoris the
increaseof both stressintensity factor and stressintensity factor amplitude with the
increaseof cracklength. Theload cyclesrequiredfor the samelengthof crackincrement

is reduced.It is provedthat this numericalmodel is applicablefor predicting fatigue
crackgrowthrate

(0.886 464 13.3% 147H 56) (12)
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Table 3: Experimental results afrack propagation

Specimen 1 Specimen 2 Specimen 3
No. Cycles Crack lengh Cycles Cracklength Cycles Cracklength
(mm) (mm) (mm)

1 0 18.150 0 18.195 0 18.188
2 2000 18.183 4000 18.297 3000 18.392
3 4000 18.277 6000 18.582 6000 18.574
4 7000 18.380 8000 18.624 10000 18.798
5 10000 18.530 10000 18.704 14000 19.050
6 14000 18.791 12000 18.792 19000 19.267
7 18000 19.024 14000 19.011 24000 19.740
8 23000 19.325 17000 19.148 29000 20.129
9 28000 19.683 20000 19.274 34000 20.528
10 33000 20.125 24000 19.629 39000 21.066
11 38000 20.455 28000 19.664 44000 21.398
12 43000 20.820 33000 20.237 54000 22.363
13 48000 21.147 38000 20.593 56000 22.5%)
14 58000 22.032 43000 21.066 57000 22.713
15 68000 22.773 48000 21.412 - -

16 78000 23.778 53000 22.042 - -

17 88000 24.686 58000 22.336 - --

18 -- - 63000 22.806 - --

19 - - 68000 23.318 - --

26 T T T T

—— Experimental results 1
Experimental results 2
Experimental results 3 4

(¥}
e
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Figure 7: Experimentalesultsandnumericalsimulationresultsof crackpropagation



Numerical Simulation and Experimental Studies 387

5 Study on the law of crack propagation
5.1 Theretardationeffectof single overloading

Numerousstudiesshowthatthe single peakoverloadwill restrainthe crackgrowthrate.
In this section the retardationeffect will be explaired from the changeof plastic
dissipationenergyof elementsaheadof cracktip after the single peakoverloadng. The
loadratio of constant amplitudis 0.1, andthe maximumloadis 4 kN. As shownin Fig.
8, the plasticzonenearthe cracktip usually presentsutterfly shape(Only 1/2 modelis
shown) The elementdocatedon the surfaceof crackligamentarenumberedrom 1 to 6,
which is located in the plastic zan€he simulationresultsin Fig. 8 (detailed data are
listed in Tab 4) showthat the plastic dissipationenergyof elementsmentionedabove
increasedwith the increaseof load cycles. However, the plastic dissipationenergy of
elementl adjacento the cracktip increasegastestandits valueis muchhigherthanthat
of other elements.The simulation results also shothat the areaof plastic zone will
increasewith the increaseof load cycles. Thereis no detailfor such phenomenoen
becausehe size oplastic zone is growinglowly. The plasticdissipationenergyof these
elementsin newly generated plastic zoi relatively low, which canbe ignored The
growth rate of plastic dissipationenergyin elementl determineghe crack growth rate
undercurrentcomputingstep.Of coursetheaccumulatiorof plasticdissipativeenergyin
otherelementsalsoaffects subsequentrack propagationHowever,the basicvaluesand
amplitude are relatively low when comparedwith critical plastic dissipaton energy
which hasallittle effectonthe crackgrowthrate The overloadings setat 16th load step,
which is 1.25 times of the maximumload of constantamplitudecyclic loads. The load
spectrumis shownin Fig. 9. The resultsshowthat the plasticdissipationenergyof both
elementl and element 8uddenlyincreasesfteroverloadng. If the overloadis too large
and makethe plastic dissipationenergyof elementl exceedghe critical value,andthe
crackgrowthratewill increaseslightly. But due to the effects of overloadirthe average
accumulative rate of strain dissipative energy was reduced to some dEgse&end
shown in Fig. 10s not evident because thatal number of cycles is too smalctual
computation shows that the nuembof cycles required for the plastic dissiion of
element to reach the critical value is about 7008eu current load conditioherefore,
the number of cycles required for crack to extendnaremental length will increasé.
also means that the growth rate of crack is redutkd. plastic dissipation energy of
element 2 increased a lot after single overloading, but the magnitude is relativienéow.
accumulative rate of the plastic dissipative energy is almost fell to 0.

Table 4: The plastic dissipative energy of elements varies with the number of cycles

Element Plastic dissipation energy (mJ)
label Laod stepl Laod ¢ep20 Laod stepd0 Laod ste60  Laod ste@B0 Laod stedl00
1 0.01164 0.07512 0.13103 0.17965 0.22263 0.26084

0.00138 0.00174 0.00181 0.00181 0.00181 0.00181
0.00079 0.00093 0.00093 0.00093 0.00094 0.00094
000035 0.00063 0.00068 0.00069 0.00069 0.00069
0.00009 0.00029 0.00034 0.00035 0.00035 0.00035
0.0 0.00001 0.00003 0.00003 0.00003 0.00003

o O WDN




388 Copyright © 203 Tech Science Press CMES, vol118 no2, pp377-395, 2019

g

= Q

B 8

% 0.20 ;

c ©

S NN\ = &

_g 0.15

2 \

° —=— Load step 1

-i;’ 0.10 —— Load step 20

E —— Load step 40
0.05 —— Load step 60

: Load step 80

—— Load step 100

0.00 3 o i

3 4 5 6
Element number

Figure 8: The plastic dissipative energy of elemerdsieswith the number of cycles

&
<
8y
o
[
o
-
&
Q' A\
10 20 \V 100
Load step
Figure 9: Loadspectrum
0.30 0.0040
—— Single overloading
|— Constant amplitude load
025} : -40.0035
= =)
= Element 1 E,
o020t 40.0030 3
5 2
® 5]
kel s
® 0.15F 10.0025:%
g 2
0 173
° @2
o ©
= 010+ Element 2 10.0020 o
© |7)
T T
0.05 | -40.0015
0.00 L L 1 L 0.0010
0 20 40 60 80 100
Load step
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When the single peak overloading occurs, the length of @®0 mm. Fig. 11 shows

that the number of cycles required to extend the same length ofaredokreased due to

the retardation effect of single peak overlo@be result inFig. 12 also showthat the

crack growth rate is reduced after single overloaditiigh the crack continues to extend,

the rate gradually returns to normal level. In orderind but the fundamental cause of

this phenomenorthe stress of four nodesereextracted. The stress of four nodes in the
direction ofX-axis has been extracted for resedsitown in Fig. 14 and Fig. #b). The

node 1 is directly located at the tip oktlerack. The node 2 is located about Qu2

ahead of the crack tip. Node 3 is located at the edge of plastic zone, which is about 0.4
mm ahead of the crack tip. Node 4 is located well outside the plastic zone with a distance
of 0.7mm to the crack tip. Thiecation of these four points is shown in Fi§. Eirst, we

can find that the plastic zone increases significantly after overloading. The single peak
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overloading has different effects on the stress of therfodes.

For node 1, during the first loadep the local stress reaches about @&. During the

first unloading phase the local stress values changg9®MPa. During the next fifteen
load cycles the local stressunder maximum and minimum load change to 58%a and

-480 MPa respectively. Howey, the maximum stress and minimum stress reaches to
660 MPa and-520 MPa after overloading. Consequently, the effective local stress range
under cyclic loading changes to about 1MPa which is essentially equal to the value
without overloading. But thmeanstress is relatively low.

For node 2, during the first load step the local stress reaches abduP43M@uring the

first unloading phase the local stress values change MRH) During the next fifteen

load cycles this local value under maximum amdimum loading has a little change and
reaches to 470/Pa and 50MPa respectively. However, the overloading has a great
influence on the local stress, and the maximum stress and minimum stress reaches to 300
MPa and-80 MPa after overloading

Different from the other three nodes, the overloading has a little effect on the local stress
of node 4. The maximum stress and minimum stress of node 4 nearly keep a constant of
340 MPa and 80MPa, respectively. Due to single overloading, the maximum stress
change to 440MPa. However, the value returns to normal level during next load cycle.
The stress range is basically maintained atNP@.

Comparing with node 1 and node 2, the average stress of whidkcreased by
overloading. The average stress of nddbas a small increase after overloading. The
maximum stress increased from 2M@a to 340MPa after overloading and then back to
270MPa during next following load cycle.

As we can see from thariation oflocal dressof four key node mentioned abovéhat

large compressive residual stress in plastic zone ahead of crack tip has beenbgduced
the overloadingMeanwhile,a relative small residual tensile streéso has been induced

in some part of area ahead @hstic zone As the compressive residual stress would
decrease plastic deformation of the elemethissthe crack growth rate will be reduced
caused by the decrease of accumulation rate of plastic dissipation energy. The domains
influenced by single peak overldad arelimited. When the increment of crack exceeds

the affectedregion the crack growth rate will return to norntevel.
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Figure 13: Plastic zone antibcaion of four key nodes
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Figure 14: The cyclic stress ranges of nggde.nodel and node; b.node3 and nodet

5.2 Effect of Load amplitudeand mean loadon crack propagation

In orderto studythe effectof load amplitudeandmeanload on the crackgrowthrate,the
crack growth rate underdifferent load ratios were simulatedbasedon abovenumerical
modelunder the condition ahe meanload andload amplitudeareconstantyespectively.
Whenthe effect of load amplitudeon crackgrowthratewas studiedthe meanloadis 4.4
kN, the rangeof loadratio is 0.05to 0.4, the incrementof crackpropagatioris 5.8 mm,
andtheresultsareshownin the Fig. 15. Whenstudyingthe effectof meanload on crack
growthrate,the amplitudeof theloadis 7.2kN, therangeof loadratio is 0.05to0 0.4,the



