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Abstract. In this papetthe fractureperformancef axisymmetricnotchedsampledakenfrom prestressing
steelswith differentlevelsof cold drawingis studied.To this end, a real manufacturechainwas stopped
in the courseof the processand samplesof all intermediatestageswere extracted.Thus the drawing
intensity or straininglevel (representedby the yield strengtl) is treatedasthe fundamentalvariableto
elucidatethe consequencesf the manufacturingroute on the posteior fracture performanceof the
material.In addition,sincesampleswith very differentnotchgeometryareconsideredthe effect of stress
triaxiality on fractureperformancecanalso be analysedThe anisotropicfracture behaviourof the steels
with high level of strain hardeningis rationalizedon the basis of the markedly oriented pearlitic
microstructuref the drawnsteelswhich influenceghe operativemicromechanisnof fracturein this case.

Resumen.En estearticuloseestudiael comportamieto en fracturade muestrasaxisimétricasentalladas
extraidasle acerogle pretensadoondiferentesivelesde endurecimientpor deformacionCon estefin,
se detuvounacadenareal de fabricacidny se extrajeronmuestragde los estadiosintermedios.De este
modo la intensidaddel trefilado o nivel de endurecimientgor deformacién(representador el limite
elastico)setratacomola variablefundamentaparaelucidarlas consecuenciadel procesade fabricacién
sobreel comportamient@osteriorenfracturadel material. Ademas,puestoque se utilizan muestrason
muy diferentesgeometriasde entalla, puedeestudiarsesl efectode la triaxialidad tensionalsobre la
fractura.El comportamient@nisotropade acerode pretensadoondistinto gradode enduecimientopor
deformaciorpuederacionalizarsesobrela basede la microestructuranarcadamenterientadaen el acero
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fuertementdrefilado,lo cualcondicionael micromecanismade fracturaoperativoen estecaso.

1. INTRODUCTION

One of the major concerns in civil engineering
constructionand maintenanceof prestressedoncrete
structuresis the fracture performanceof prestressing
steel wires which are the fundamentalcomponentsin
the afore-saidcompositematerial(prestressedoncrete),
sincethese wires sufferthe highestlevels of stressand
may be damagedby the combined action of both
mechanicahndenvironmentahgentd1].

Manufactureprocessof prestressingsteel wires consist
of cold drawingin severalpassesan eutectoidpearlitic
steelbarwhich waspreviouslyproducedby hot rolling.

From the micromechanicapoint of view, it is known
thatthe drawingprocessnfluenceghe microstructureof
the material [2,3] in the form of progressivetrend
towards a closer packing [4,5] and a more orniented
arrangement6,7] so that the pearlitic colonies and
lamellae become quasi-parallelto the wire axis or
drawingdirectionin the mostheavilydrawnsteels.

At the macroscopic level, prestressingsteel wires
(heavilydrawn)exhibit anisotropidracture behaviourin

air [8,9] and in aggressiveenvironmentspromoting
stress corrosion cracking in severalforms [9-11]. A

materials sciencelink was established between the
microstructureof the cold drawnsteels—progressively
orientedby manufacture—andthe macroscopidracture
behaviour—increasinglyanisotropic—in air [12] and
corrosiveenvironmen{13,14].

This papercombineghe effectsof a high level of strain
hardeningoroducedy cold drawingin the steels(with
its associatedmicrostructural consequencesiand the
presencef stressaisessuchasnotchesf very different
geometriesvhich generatea triaxial stressstatein their
vicinity (mechanicalconstraint in the fracture process
zone)and, what could be evenmore important in this
research producea geometricconstraint which forces
the fracturepathto maintainits own propagatiorplane,
therebyestablishinga competitionbetweerthe material
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anisotropy which tends to producedeflection of the
cracking surface and the geometric constraint which
obliges the fracture processto developin mode | in
spite of the inherentstrengthanisotropyof the material
inducedby microstructurabrientation.

2. EXPERIMENTAL PROGRAMME

The materialswere high-strengthsteels with different

degree®f cold drawing.Theywereobtainedirom a real

manufacturingrocesdy stoppingthe productionchain
andtaking samplesfrom the intermediatestages.The

different steelswere namedwith digits 0 to 6 which

indicatethe numberof cold drawing stepsundergone,
sosteelO is the hot rolled bar (basematerial)and steel
6 is the prestressingsteel wire (final commercial
product)which hassufferedsix cold drawingsteps.

Tablel showsthe chemicaktompositioncommonto all
steels,and Table 2 includesthe diamete (D;), the cold
drawing degree (Di/Dy), the yield strength (0o2), the
ultimatetensilestress(UTS) and the fracturetoughness
(Kic) of the differentsteelwires. The Kic-valuegiven in
Table2 representshe critical stressintensity factoras a
measuref failureresistancén eachsteelwire, but it is
an actualfracturetoughnessnly in the slightly drawn
steelshehavingsotropically.In heavily drawnsteels(4
to 6) it is obtainedasif the crackdevelopedn model.

Table 1 — Chemicalcompositionof the steels

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 — Diameter(Di), cold drawingdegree(Di/Do),
yield strength(oo2), ultimate tensile stress(UTS) and
fracturetoughnesgKc) of the differentsteelwires.

Steel 0 1 2 3 4 5 6
Dj (mm) 12.00] 10.80] 9.75 | 8.90 | 8.15 | 7.50 | 7.00
Dj/Dg 1 0.90 |0.81 |0.74 |0.68 | 0.62 | 0.58

opo (GPa) | 0.686| 1.100| 1.157] 1.212] 1.239] 1.271| 1.506

UTS GPa)| 1.175| 1.294] 1.347] 1.509] 1.521| 1.526] 1.762

Kic 60.1 |61.2 | 70.0 | 74.4 | 110.1| 106.5[ 107.9
(MPant’3)

Metallographic techniqueswere used to reveal the
pearlitic microstructureof the steelsat the two basic
microstructuralevelsof pearlitic colonies and lamellae.
Both microstructural units are seen to become
progressivelyprientedtendingto a directionparallelor
quasi-paralleto thewire axis or cold drawingdirection
in the mostheavilydrawnmaterial(steel6).

Fracturetestsundertensionloadingwereperformedon
axisymmetricnotchedsampleswith a circumferentially-
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shapednotch. Four notch geometrieswere used with
eachmaterial,in orderto achievevery different stress
statesin the vicinity of the notch tip and thus very
distinctconstraintsituationsthus allowing an analysis
of theinfluenceof suchfactorson the micromechanical
fracture processesThe dimensions of the specimens
namedA, B, C andD throughoutthis paper:

GeometnA : R/D = 0.03,A/D = 0.10
GeometnyB : R/D = 0.05 A/D = 0.30
GeometnyC : R/D = 0.40,A/D = 0.10
GeometnD : R/D = 0.40,A/D = 0.30

whereR is the notchradius, A the notch depthand D
the externadiameteiof the axisymmetricspecimen.

Threefracturetestswereperformedfor eachmaterialand
geometry (thus a total number of 84 tests were
performedsevemmaterials four notchedyeometriesand
threetestsof each)recordingcontinuouslythe load and
therelativedisplacemenbetweertwo points distant 25
mm. All the tests were performedunder displacement
control, so asto allow a completerecordingof the load-
displacemenplot up to final failure.

3. FRACTOGRAPHIC ANALYSIS

In this section, a macrofractographic analysis is

performedof the shapeof the fracturepathdependingon

thekind of microstructurahrrangemenproducecby the
cold drawing process.The study is performed at the
macro-levelto correlate—in the senseof materials
science—the microstructuref heavilydrawnsteelsand
their macroscopidracturebehaviourr.

Figs. 1 to 5 show the fracture profiles of notched
samplesof steels4 and 6 (i.e., heavily drawn steels)
with the geometriesA, B and C, togetherwith the
pearlitic microstructureof the steels(cf. [4-7]) at the
two levels of pearlitic colonies (first microstructural
level) and lamellae (secondmicrostructurallevel), and
finally the fractographic appearanceof the fracture
propagationstep parallel to the wire axis or cold
drawingdirection.A clearanisotropicfracture behaviour
is observedn theseheavilydrawnsteelsin the form of
fracture propagatiordeflectionat an angleof about90°
in relationto the initial fracture propagation.Thus a
fracturepropagatiorstepappearsn a direction parallel
to the wire axis of cold drawing direction as a
consequencef the oriented microstructureof heavily
drawnsteelsat the two basic microstructurallevels of
coloniesandlamellae.

GeometryD doesnot appearbecausen this caseof
minimum triaxiality no clear evidenceof anisotropic
fracturebehaviouiin the form of global fracturestepis
detectedbut only somelocal deflectionswhich do not
becomea macroscopigropagatiorstep orientedin the
direction of wire axis. Such local deflectionsare only
embryosof anisotropidoehaviour.
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(d

Fig. 1 — SpecimertA: (a): pearlitecolonies;(b) pearlite
lamellae;(c) view of the fracture profile; (d) scanning
electron micrographof the fracture propagationstep
parallelto the wire axis or cold drawingdirection.

(d)
Fig. 2 — Specimen6A: (a): pearlitecolonies;(b) pearlite
lamellae;(c) view of the fracture profile; (d) scanning

electron micrographof the fracture propagationstep
parallelto thewire axis or cold drawingdirection.
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(d).

Fig. 3 — SpecimemB: (a): pearlitecolonies;(b) pearlite
lamellae;(c) view of the fracture profile; (d) scanning
electron micrographof the fracture propagationstep
parallelto thewire axis or cold drawingdirection.

(d)
Fig. 4 — Specimer6B: (a): pearlitecolonies;(b) pearlite
lamellae;(c) view of the fracture profile; (d) scanning

electron micrographof the fracture propagationstep
parallelto thewire axis or cold drawingdirection.
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Fig. 5 — SpecimerbC: (a): pearlitecolonies;(b) pearlite
lamellae;(c) view of the fracture profile; (d) scanning
electron micrographof the fracture propagationstep
parallelto the wire axis or cold drawingdirection.
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Therefore,the afore said fracture propagationstep (cf.
Figs.1cto 5c) is a signal of the strengthanisotropy
inducedin heavilydrawnsteelsas a consequencef the
microstructurabrientation(Figs. lato 5a; Figs. 1b to
5b) producedby the manufacturingprocessconsisting
of cold drawing.This fact producedracture propagation
deflectionandlocal mixed mode crack growth with a
strongcomponendbf modell dueto the deflectionangle
whichis closeto 90°.

In spite of the 90° propagationstepswhich appearin
heavilydrawnsteels theseproduceonly a very steppd
fracture surface but not a macroscopicglobal crack
deflectiondueto the fact that the axisymmetricnotch
actas a geometricconstraintwhich makesthe fracture
surfacefollow the externakircumferentiaking.

Thefractographicappearancef the fracture propagation
stepparallelto the wire axis or cold drawing direction
is givenin Figs.1dto 5d. It canbe describedas a kind

of cleavage-like topography (with the typical river

patternswhich mark the propagationdirection from

bottomto top in the micrographs)it is not, however,
conventional cleavage but a sort of deformed and

oriented cleavage where both the deformation and
orientationarequasi-parallefo the axis of the wires.

This specialfractographicmode consistingof deformed
and oriented cleavageindicatesthat: (i) the fracture
propagatiorstepis a typical unstableand fast fracture
mode; (ii) such a step is a very directional mode
oriented in the wire axis direction. The described
characteristics are a logical consequenceof the
microstructurabrigin of the step.

4. MICROMECHANICAL MODELLING

In this section a micromechanicalmodelling of the
anisotropidracturebehaviouiin heavily drawnsteelsis
offered,asshownin Fig. 6. It is basedin the special
microstructureof these matrials. Fig. 6a shows a
metallographidongitudinalsectionof the mostheavily
drawn material (steel 6). Apart from the standard
pearlitic coloniesshownin previous sections(oriented
in the cold drawingdirection), an exceptionalpearlitic
pseudocolonganbe observedn certainareasof heavily
drawnsteels.This pseudocolonyis extremelyslender,
aligned quasi-parallelto the wire axis, and has a
specially high local interlamellar spacing due to the
factthat the cementiteplatesarenot orientedalong the
wire axis directionandin some casesare pre-fractured
by shear during the manufacturing process. This
characteristicsnakesit a preferentialfracture path with
minimumlocal resistanceThus the pseudocolonieact
as local fracture precursors,and their presencecould
explainthe 90° stepobservedin heavily drawn steels.
Fig. 6b offers a schematicsshowing the formation of
the 90°-stepwhen the initial fracture propagationpath
reacheghe location of the pearlitic pseudocolonyand
thenthe pearliticplatesarefracturedby a mechanisnof
shearcracking (shown in Fig. 6¢) accordingto the
modelproposedy Miller andSmith[15].
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Fig. 6 — Microstructuralbaseson anisotropicfracture
bahaviour:(a) pearlitic pseudocolony;b) formation of
the 90°step, (c) fractureby shearcrackingof pearlitein
the pseudocolonyaccordingto the model proposedy
Miller andSmithin [15].

5. CONCLUSIONS

The manufacturingprocessby cold drawing in high-
strength perlitic steels produces very important
microstructuralchangesat the two levels of pearlitic
colonies and lamellae which become progressively
orientedin a direction quasi-paralleto the wire axis or
cold drawing direction, thus resulting in a very
markedlydirectionalmicrostructurevhich influencethe
fracturebehaviourf the materials.

From the materialsscienceviewpoint, thereis a clear
relationshipbetweernthe microstructuralorientation (in
the wire axis direction) producedby cold drawing and
the appearancef the fracture profile which becomes
moresteppedasthe degreeof cold drawingincreasesit
being macroscopicallyflat in slightly drawnsteelsand
veryirregular(with 90°steps)in heavilydrawnsteels.

A micromechanical modelling is proposed of the
anisotropicfracture behaviourof heavily drawn steels.
The modelis basedon a metallographicevidence:the
presenceof some pearlitic pseudocoloniegin certain
areasof the material)acting as weakestinks or fracture
precursorsas a congquenceof their very high local
interlamellar spacing which makes them fail by a
mechanisnof sheaicracking.
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