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Abstract. This work describesxperimentakvidenceof mixed-modestress-corrosionrackingof high-
strengthsteelanddiscussesherole of cyclic load history. To this end, finite deformationanalysisof a
planestrain crack subjectedo model loading undersmall scaleyielding was performedand different
continuummechanicsariableswereanalysedjn particularthe equivalentplastic strain, the hydrostatic
stressand the plastic strain rate. Results of the computationalelastoplasticdemonstratethat the
maximumyvaluesof the analysed/ariablesareachievedoutsidethe symmetryplane,which is consistent
with the experimentalfact of anisotropic cracking behaviour of prestressingsteel in corrosive
environment(in conditions of hydrogen assistedcracking and localised anodic dissolution). It can
explain—if coupledwith theinherentanisotropyassociatewith the orientedmicrostructureof the steel—
why crackbranchingakesplaceat a deflectionangleof 80°in relationto model crackextension.

Resumen.Estearticulodescribeevidenciagxperimentalesle corrosiénbajo tensionen modo mixto en

aceroglealtaresistenciy analizael papeldela historiapreviade cargasobrela muestraen la iniciacion

dedichofendmeno A tal efectose realizoun andlisisnumérico-medianteel métodode los elementos
finitos enrégimenelastoplasticoy grandegleformaciones-€del papelde la prefisuracionpor fatigay su

influenciasobreel campotensodeformacionalpréximo al extremode la fisura, estudiandcen particular
la deformacionplasticaequivalente)a tensiénhidrostaticay la velocidadde deformacionplastica. Los

resultadosdel célculo numéricodemuestramue los valoresmaximos de las variablesde analiss se

encuentranfuera del plano de simetria, lo que resulta consistentecon el hecho experimentaldel

comportamient@nisoétropadel aceroenlo quese refiere a fracturaen ambienteagresivo(en condiciones
defisuraciénasistidapor hidrogenoy disolucionanddicdocalizada). Esto permiteexplicar—junto con la

anisotropiaesistenténherentel propio materialpor quéseproducda ramificaciénde la fisuracon un

angulodedesviaciérde unos80° conrespecta la direccionoriginal de propagacioenmodo I

1. INTRODUCTION

Fatiguepre-crackings avery commonand useful crack
generating technique for posterior stress corrosion
testing.However,it hasbeendocumentednany times
that fatigue pre-loadingsubstantially alters the results
from stress-corrosion cracking tests in different
aggressivenvironmentgcf. [1,2]), so that the role of
cyclic pre-loadingn environmentallyassistedractureis
farfrom beingtotally understood.

This work describesexperimentalevidence of mixed-
mode stress-corrosioncracking of high-strength cold
drawnsteelanddiscussesherole of cyclic load history,

in addition to the inherentstrengthanisotropyof the
material as a consequenceof the oriented pearlitic
microstructureafter the steelmakingprocessby means
of very heavydrawing[3,4].

2. EXPERIMENTAL PROCEDURE

Thematerialusedis acold drawnprestressingteelwire
whosechemicalcompositionand mechanicabroperties
aregivenin Tables1 and 2. Metallographictechniques
[5,6], wereusedto reveal the pearlitic microstructureof
the steel. Figs. 1 and 2 show micrographsof the two
basic microstructurallevels of pearlitic colonies and
lamellae Both microstructuralinits areseento become
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markedly oriented in a direction parallel or quasi-
parallelto thewire axis or cold drawingdirection.

Table 1.Chemical composition (wt%) of the steel

C Mn Si P S Cr V Al

0.80 0.69 0.23 0.012 0.009 0.265 0.060 0.004

Table 2.Mechanical properties of the steel

Young's Yield UTS Elong Ramberg-Osgood*
modulus strength at UTS P n
(GPa) (MPa) (MPa) (%) (MPa)

199 1500 1760 5.0 2340 11.49

* Ramberg-Osgood stress-strain cugve o/E +(a/P)"

Fig. 1. Optical micrograph of the longitudinal
metallographisectionshowing the first microstructural
level: the pearlite colonies oriented after cold drawing
(verticalside:wire axis or cold drawng direction).

Fig. 2.

SEM micrograph of the
metallographisectionshowing the 2nd microstructural
level: the pearlitic lamellaeorientedafter cold drawing
(verticalside:wire axis or cold drawingdirection).

longitudinal
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Slow strain rate tests were performedon transversely
precrackedrods immersed in aqueous environment.
Specimensvereprecrackedy axial fatiguein air with a

maximumcyclic stressntensityfactorat thefinal phase
Kmax = 0.30Kc, Kic = 107 MPam2beingthe fracture
toughnessAn aqueousolutionof 1 g/l Ca(OH) + 0.1

g/l NaCl (pH=12.5)was used.Testswereconductedat

a crossheadspeed of 1.7x10% mm/min using two

constanelectrochemicgbotentialsE = —1200mV SCE

(cathodic)and E = —600 mV SCE (anodic). In the

former the environmental mechanism is hydrogen
assistedcracking (HAC) whereasin the secondit is

localisedanodicdissolution(LAD) [1,7].

Themain phenomenologicalesult of HAC testsis the
speciaffracture profile (Fig. 3), with an angleof about
80°betweerthe planeof the fatigueprecrack(in model)
and the direction of hydrogen-assistethitiation and
crack growth. Therefore, mixed-modehydrogen-assisted
crackingtakesplacefrom the very initiation —just at
thetip of the fatigue precrack—with no propagabn in
mode | in the hydrogen environment. From the
fractographicviewpoint, the mixed mode propagation
exhibits a hydrogendamagetopographywith evidence
of ductiletearing(Fig. 4). It canbe viewedas a typical
tearing topographysurfaceor TTS [8-10] altered by
sheamlongthe deviateccrackplane.

R ECHARICAL
FIMAL FRACTURE

H-A55ISTED
CRACK GROWTH

FATIGUE
PRECRACK

Fig. 3. Aspectof the fracture profile in the HAC test
showing early mixed-modepropagationjust after the
fatigueprecrack

Fig. 4. Scanningelectron micrographof the mixed-
mode hydrogen-assistedrack growth path, showing
hydrogendamagetopographywith evidenceof shear
(crackgrowthfrom left to right).
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In the LAD teststhereis againa specialfracture profile
(Fig. 5) associatewvith the anisotropicbehaviourof the
cold drawn steel wire. Crackng from the tip of the
mode | fatigue pre-crackdevelopsinitially in mode |
and later at an angle about 75° to its plane, thus
producingmixed modepropagation.

Cleawvage

Fig. 5. Aspectof the fracture profile in the LAD test
showing subcritical (slow) crack growth by localized
anodicdissolutionin model (LAD 1) and mixed-mode
with astrongmodell componen{LAD II).

After the fractographic analysis, Fig. 6 shows the
microscopic fracture modes associated with the
subcritical crack growth area LAD | (before crack
branching).The generalappearancef the topography
LAD I is similar to the micro-void coalescencéMVC)

fracture mode in the same steel in air, although the
formeris producedy metaldissolution.

- 18Hm
KMl . B8 3Smm

<y 2

Fig. 6: Scanningelectronmicrographof the subcritical
crackgrowtharealL AD | (beforecrackbranching).

Figs. 7 shows the microscopic fracture modes
associatewvith the subcriticalcrackgrowth arealLAD |l
(after crack deflection).As in the previous case, this
topographyis also similar to MVC, althoughin this
casehereis akind of enlargemenor orientation of the
micro-fracture units along the propagation direction
which is quasi-paralleto the cold drawing axis (after
crack deflection). Fig. 8 shows the microscopic
appearanceof the crak branching area, i.e., the
separatiorfdiscontinuity)betweerthetwo zonesLAD |
andLAD Il. Somecleavagdacetanaybe observechear
sucha separationwhich indicatesthat fast fracture is
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locally producedat the moment of crack branching,
probablybecausehe macroscopiarack reachesa point
with local pre-damag@roducedy cold drawing.

Fig. 7. SEM micrograplof the subcriticalcrack growth
arealLAD Il (aftercrackdeflection).

Fig. 8. SEM micrographof the crack branchingarea,
i.e., the separation(discontinuity) betweenthe two
zonesLAD | and LAD II, showing some cleavage
facetsearsucha separation.

The primary reasorfor this crack deviationis the very
orientedpearliticmicrostructuref the steel(cf. [11,12])
producing strength anisotropy. However, fatigue pre-
crackingcould be an additional factor contributing to
crack deflection due to the special distribution of
variablegstresseandstrains)in the vicinity of a crack
tip subjectedo repetitive cyclic loading, as discussed
in the following sectionof the paperdevotedto the
numericalmodelling of the stress-strairhistrory in the
vicinity of the cracktip.

3. NUMERICAL MODELLING

In this papetthe effectof fatigueprecrackingis analysed
by numericalmodelling of the stress-strairstate near
the cracktip underplane-strainsmall-scaleyielding in
anelastoplastienaterialwith kinematicstrain-hardening
whosecharacteristiceorrespondo the steelusedin the
experimentaprogramme(cf. Table 2). The crack was
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modelledas a round-tip slit with initial height (twice
the tip radius) of 2.5 pm in agreement with

experimentaldata for fatigue cracksin high-strength
steelg[13]. Theloadinghistory consistedof severalup
to ten) zero-to-tensioncycles accordingto the final

phase of the experimental fatigue precracking
programmevith Kia= 32 MPant? (0.30Kc) followed
by rising load to reproducethe slow strain ratetesting.
The nonlinear finite elementcode MARC [14] was
employedwith updated_agrangiarformulation.

Attention was paid to the patternsof evolution of the
following continuummechanicsariables:

(i) Equivalent plastic strain as a measure of
mechanicapre-damagd15] previousto HAC. In
the caseof LAD, it producesa more disordered
material structure therein before stress corrosion
crackingand enhancegosteriordissolutionin the
near-tiparealn a coupledway, it hasbeenshown
that local anodic dissolution enhancescrack tip
deformatior{16-19].

(i) Equivalentplastic strain rate responsiblefor the
dynamicphenomenorof passivefilm rupturedue
to the deformatioritsdf. In addition,this variable
also governs hydrogen transport by moving
dislocationsin the plastic zone[20,21] and it is
known [22,23] that, even at anodic potentials,
hydrogenmay be presentn the critical areaas a
consequenceof the very local electochemical
conditionsnearthe cracktip.

(i) Hydrostatic stress as the macroscopicvariable
governinghydrogentransportby a mechanismof
random-walk stress-assisteddiffusion [24,25],
accordingio which hydrogen(presenin the near-
tip area due to the local -electrochemical
conditions) diffuses towards the points of
maximum hydrostaticstress,so that it is driven
by the gradientof this variable.

The listed governing variables were studied at
monotonicrising loading afterfatigueto reproducethe
slow strainratetests.Howeverjn somecaseghereis a
certainsubcriticalcrack growth in mode | before crack
deflection. This meansthat the numericalanalysis of

thevariablesgives the stress-strairstatein the vicinity

of the deformed crack tip without considering
subcriticalcrack extensionby stresscorrosioncracking,
i.e., neglecting the stress-strainredistribution as a
consequencef the crackgrowthin model.

4. DISCUSSION

The distribution of equivalent plastic strain at a
referencestres intensityfactor K, = 0.44 K. > Kmyax
(Kmax is the maximum during the last stageof fatigue
precracking)is given in Fig. 9 in the deformed
configurationof the near-tipdomain (the crack plane
beingthe x-axisandtheload appliedin the y-direction).
A vertexis observedn the tip profile with secondary
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peaksof equivalenplasticstrainout of the crack plane.
Two localizedshearbandsemergegrom the vertex,one
of them very close to the drawing direction and
markedlydeviatedrom the precracKine. The formation
of this bandasthe easieffracturepath,togetherwith the
strength anisotropy of the oriented microstructure
(weakness$n thewire axis or cold drawingdirection), is

consistentwith crack kinking in the stresscorrosion
crackingtests(Figs.3 and5).

Fig. 10 displays the distribution of equivalentplastic
strainratefor rising load after precracking(at K, = 0.44
Ke > Knad- Oneof the bandsof fast plastic straining
(and associatedpassivefilm rupture and dislocation
motion) is apprximately locatedalong an 80°-direction
from theinitial crack plane. This indicatesthe preferred
direction of film rupture and further localised anodic
dissolutionalong the newly createdfresh surface.This

80°-direction also signals the preferred path for

hydrogentransportby dislocational dragging as the
plastic zone spreads.This fact, in addition to the
weakeningn this direction producedoy microstructural
orientation, is anotherreasonfor crack deflection in

agreementvith the experimentatrackng profile shown
in Figs.3 and5.

Fig. 11 showsthe distribution of hydrostaticstressfor

rising loading afterfatiguecycling (at K, = 0.44 K. >

Kmay- The closenessf the iso-lines suggeststhat the
maximum hydrostatic stress gradient which drives
stress-assistelydrogendiffusion is achievedoutside
the initial crack plane. The ridge of the relief of

hydrostaticstressollows a directionof 45to 80°to the
mode | plane and this indicatesthe area of fastest
hydrogen accumulation. Hydrogen is driven in the
directions of the arrows (elevated hydrostatic stress
gradientsand acceleratedhydrogen flux) rather than
aheaddf the cracktip (along x-axis) wherethe flux is

evendelayedby the local drop of hydrostatic stress.
This facilitatescrack deflection and is consistentwith

the experiencedHAC and LAD pathsshownin Figs. 3

and>5.
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Figure 9. Distribution of equivalent plastic strain
(arbitraryunits) nearthe deformectracktip atK, = 0.44
K in aslow strain ratetest after faigue cycling with
Kmax = 0.30K .
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Fig. 10. Distribution of equivalentplastic strain rate
(arbitraryunits) nearthe deformectracktip atK, = 0.44
K in a slow strain ratetest after fatigue cycling with
Kmax = 0.30K.
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Fig. 11. Distribution of hydrostatic stress (arbitrary
units) nearthe deformectracktip at K, = 0.44 K. in a
slow strainratetest afterfatigue cycling with Kpax =

0.30 K,.; bold line showsthe ridge of the hydrostatic
stresgeliefandarrowsmark hydrostaticstressgradients
and correspondingdirections of acceleratedhydrogen
flux nearthe cracktip.

5. CONCLUSION

Resultsof the computationalelastoplasticanalysisare
consistentwith the experimentalfact of anisotropic
stress-corrosioorackingbehaviouiof prestressingteel.
This explains,in addition to the inherentanisotropy
associatewvith the orientedmicrostructureof the steel,
why crackbranchingakesplacein the caseof hydrogen
assistedcrackingandlocalisedanodicdissoluton.
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