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SUSCEPTIBILITY OF PRESTRESSING STEEL WIRESTO
HYDROGEN ASSISTED CRACKING IN ALKALI MEDIUM
SIMULATING CONCRETE PORE SOLUTION

M. I. HREDIL?Y, J. TORIBIO?

! Karpenko Physico-Mechanical Institute of the NAS of Ukraine;
2 University of Salamanca, E.P.S., Zamora, Spain

Susceptibility to hydrogen assisted cracking ofladtawn pearlitic steel wires used as a
concrete reinforcement is studied in an alkali ssrunent modelling pore liquid in con-
crete. Prestressing steel is established to beswseeptible to hydrogen embrittlement
under potentials —1.1 V (SCE). The maximum fractaesl as well as elongation to frac-
ture decrease with cathodic potential increment, dffect is more notable under slow
strain rate. Fracture mechanism in aggressive mediffers from that in air. The role of
surface defects in the environment assisted crgakidiscussed.
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Intensive corrosion of reinforced concrete struetusuch as bridges and car park
decks during their long-term service can be atteduo the prolonged exposure of
these structures to a chloride-contaminated enwieoti, i.e. marine structures or
through the application of de-icing salts. Althouggncrete carbonation also leads to
reinforcement corrosion because of reducing oélikslinity, presence of chlorides is
the most important factor which determines cornosiesistance of reinforcement [1].
These ions penetrate into the concrete cover aedteally reach the reinforcement
where corrosion starts once a critical chlorideshold is exceeded. Corrosion results
in thinning of steel wires and simultaneous exgansif corrosion products which leads
to spalling of concrete cover. Due to electrochaimature of reinforcement corrosion in
concrete, the most effective methods of rehabditasre also electrochemical, namely,
cathodic protection, cathodic prevention or elegttemical chloride extraction. Addi-
tionally, the alkalinity of carbonated concrete d@nrestored using re-alkalization [2].
Most of the RC structures contain prestressed eltsvsich as slabs or beams and the
application of electrochemical rehabilitation teicjues to these elements would lead to
savings through the extension of their service {da the other hand, prestressed con-
crete contains high-strength steel reinforcemerithvis suggested to be susceptible to
hydrogen embrittlement, therefore a possible riskyolrogen-induced stress corrosion
cracking could not be neglected.

Earlier investigations of prestressing pearlitieestusing both preckracked and
notched specimens proved its high susceptibilithytdrogen assisted cracking [3-5].
The essential role of residual stresses and a noater shape were established, and
the hydrogen diffusion model including the effeatdoth hydrogen concentration and
hydrostatic stress distribution was proposed tdagxpgenvironmental and hydrogena-
tion effects on the pearlitic steel [3, 4].

Environmental effects on the smooth prestressimgsaracture have been studied
insufficiently comparing to the notched and presked ones. Among the researches
concerning as-received wires it is difficult to tdiguish some clear regularity, but
these data are of interest because the wires &ie e concrete just in such a state.
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The investigations of the prestressing pearliteektarried out in the wide range
of potentials, pH and under different strain ratese presented in paper [5]. Strain rate
of about H0~’ s* produced evidence, in the form of the reductiomiiea and maxi-
mum load, of environment sensitive fracture. Howethe trends were not invariably
systematic with respect to the different exposweddions and the maximum loads
achieved in all of the tests were very similar, agdin showed no strictly systematic
variation.

One of the most widely used methods for assessofi¢hé hydrogen effect on the
steel reinforcement is the FIP Test Method (UNE488-86), however it also leads to
a broad experimental scatter. Presence of thecgudafects and the residual stresses
may affect the results [4, 6].

The aim of the research is to clarify the trendeyidrogen assisted fracture of the
prestressing steel wires and the role of surfaéectiein the process.

Materials and methods. Commercial pearlitic steel used in experiments was
supplied in the form of cold drawn wires which h@absed through seven cold drawing
steps to attain the final diameter of 5.04 mmchsmical composition is the following
(wt.%): 0.789 C; 0.681 Mn; 0.210 Si; 0.010 P; 0.@8.218 Cr; 0.003 Al; 0.061 V;
Fe is balance. Plastic strain accumulated by steel to the cold drawing process

b cum=2In(D ¢/D;) is equal to 1.57. Hydrogen embrittlement of thesmessing steel

was investigated by slow strain rate testing (SSRU)...10 s™) using smooth steel
wires in as-received state. Surface of the testedswwas not grinded but only
degreased with acetone and washed with water ng kiiem closer to the real working
conditions. Specimens were tested on the MTS AlkaRT/100 testing machine with
software TESTWORKS 4. The initial distance betwegeps was 220 mm. Corrosive
environment containing 1 g/l Ca(OHnd 0.1 g/l NaCl (pH 12.5) reproduced alkaline
working medium (pore liquid) in concrete [5, 7]. Agtectrochemical cell of 8 mm
height was fixed around a specimen. The standaeg-#hlectrode scheme was used to
apply cathodic polarization to the tested wirethimrange of —1.1...-1.4 V (SCE) and
the potentiostat AMEL VOLTALAB PGP 201. At leastréle specimens were tested

for each experiment.

Results and discussion. It is obvious from the load-displacement curved tha
prestressing steel is susceptible to hydrogen ¢thelonent under cathodic polarization
(Fig. 1). Essential changes in steel mechanicabViebr have been detected at the
potential —1.1 V and lower. Hydrogenation doesinfiience the yield strength while

ultimate tensile strength is not reached due tadgeh action.
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Fig. 1. Load-displacement curves of the prestregssieel in the medium containing
1 g/l Ca(OH) + 0.1 g/l NaCl (pH 12.5) in aif and under cathodic polarization:
-1.1V @), 1.2V €), -1.4 V ¢); strain rate 780" s™.
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The effect of cathodic polarization on the mechalnicharacteristics, namely,
elongation and fracture load of pearlitic cold dnasteels is shown in Fig. 2. For the
both parameters this effect is more pronounced ruiosleer strain rate because in this
case hydrogen has more time to affect a metal. Uhidgh strain rate the effect of
hydrogen on such type of steels is negligible evager polarization of 1.5 V [5]. It is
established also that resistance of high strengtrliic steels to hydrogen assisted
cracking is higher than martensitic ones of theesatrength [8]. Comparatively low
(as for a high strength steel) hydrogen properityold drawn pearlitic wires can be
explained by several factors: specific microstreetwith little grains and diminutive
distances between ferrite and cementite lameltag;Hydrogen diffusion coefficient
[0 cm/s; compressive stresses at the wires surfactiped by cold drawing process
which suppress hydrogen uptake.
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Fig. 2. Change in elongation to fractureali gnd maximum load to fractukg (b)
of the prestressing steel in SSRT under cathodarigation with different strain rates:
1-7.510°s%2-7.510"s"

In the wires tested in as-received state, surfafects become very important
since they are stress concentrators and the prigii@y of hydrogen uptake. There are
two main types of surface defects [9]: defects poed by cold drawing process itself
or due to transformation of those presented innamaterial (hot rolled bar) (Fig.a3,
voids created in the sites of nonmetallic inclusiaoear the surface (Figh)3

Fig. 3. Types of surface defects on the prestrggsgarlitic steel.

It is shown that the defects of type 2 usually hheeispherical shape with a
depth of about 2iim [9]. These defects can be formed as a resulblof drawing or
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due to transformation of those created previouslyhie hot rolled steel. Evidently,
fracture in aggressive medium begins from one e$éhdefects (Fig.b}, in contrast to
the fracture in air (Fig.&.

Fig. 4. Fracture maps of the prestressing peasligel after the test in air [L&)(and in alkali
medium (pH 12.5) under cathodic polarization —1.2CF) with a strain rate 78’ s~ (b).

The precise analysis at a microscale of the fracsurface of the specimen after
the test under cathodic polarization reveals saatufes of brittle fracture in the cent-
re of the specimen fracture surface, namely, sépanaular cleavage facets (appeared
due to hydrogen action [11]) agalnst a backgrodmdlcrovmd coalescence relief (Fig. 5).
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Fig. 5. Fracture surface of the prestressing steelcentral zone after the tensile test
under hydrogenation in the solution with pH 12apdnd its detailsh).

It should be noted that all tensile curves (bothaimand environment) exhibit the
same trend (Fig. 1), which confirms a suggesti@ some cracks may nucleate in the
centre of wires cross-section as a result of thebioed effect of applied stresses,
residual tensile ones (produced by cold drawingy aydrogen uptake. Therefore
nucleation and growth of cracks are most likelyotzur simultaneously in different
locations, in the central part of the specimen £iexction and near its outer surface,
finally merging by microvoid coalescence. Obviougstyultiple initiations of surface
cracks in initially smooth specimens contributete process, and the tendency exists
for the fracture path to follow longitudinal routestween these cracks when the latter
do not lie in essentially the same transverse pl[&8heHowever more investigations,
primarily fractographic, are required to clarifyetfracture peculiarities in smooth wires
made of cold drawn pearlitic steel and the rolewface defects in it.
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CONCLUSIONS

Cold drawn pearlitic steel is susceptible to hyémassisted cracking under
applied potential of —=1.1 V (SCE) and below, bus thffect reveals itself only under
low ((LO0”" s strain rate. In contrast to the tensile testiinfeacture of the steel wires
in the aggressive medium is caused by simultaneoateation of cracks in the central
part of the specimen cross section and near i&s sutface.

PE3IOME. JlocnmiKkeHO 3aKOHOMIPHOCTI MEXaHI4uHOi MOBEAIHKH apMaTypHUX MPYTKIB 3
MEPITITHOT CTai, 3MII[HEHUX XOJIOJHAM BOJIOYiHHSM, 32 iX HOBLILHOTO PO3TATY Y JIy)KHOMY Ce-
pemoBHIL, SIKE MOZEIIOE PiAMHY B nopax 6eToHy. CXHIIBHICTh CTali IO BOAHEBOTO OKPUXYCHHS
TIPOSIBIIAETHCS 32 HABOJHIOBAHHS I11J1 YaC HaBaHTa)XEHHs npu norteHuiam xHwxue —1,1 V. 3a in-
teHcu(ikallii KaToHOT MOJsApU3alii MaKCUMaJIbHE HANpPYXXEHHS J0 PYHHYBaHHS, a TaKOX BU-
JIOBXKEHHSI 3pa3KiB 3HIDKYIOTHCS, CYTTEBIIIE 32 HIDKYOT MIBUAKOCTI AeopMyBaHHs. [Ipoananizo-
BaHO (hpakTorpadiyHi BiIMIHHOCTI 3J1aMiB 3pa3KiB Ha MOBITPi Ta B CEPE/IOBUILII 32 HABOJHIOBAH-
Hs 1 06rOBOPEHO BILIUB Ha iX pylHYBaHHS IOBEPXHEBUX IE(EKTIB.

PE3FOME. WccnenoBaHbl 3aKOHOMEPHOCTH MEXaHHYECKOTO TIIOBEACHHS apMaTypHBIX
MPYTKOB M3 MEPIUTHON CTaH, YIIPOYHSHHBIX XOJOJHBIM BOJIOYCHHEM, MPU X MEJICHHOM pac-
TSDKEHHH B IIEJIOYHOH Cpefe, KOTopas MOJCNIUPYET >KUAKOCTh B mopax OeroHa. [lomBeprkeH-
HOCTb CTaJId BOJOPOJHOMY OXPYITUUBAHHUIO TPOSBISETCS MPU HABOJAOPOKHBAHUHU B IPOLIECCE
HarpyxeHus npu nortenuuane Hmwxe —1,1 V. MakcumanbHOE HanpspKCHUE 0 pa3pylIeHUs, a
TaKKe YAJMHEHUE OOpa3loB, CHWXKAIOTCS TP OOJiee MHTCHCHBHON KATOMHOM MOJSPH3ALIHH,
CylIecTBeHHee mpH Oosiee HU3KOW ckopocTu aedopmupoBanus. [IpoaHanu3upoBaHbl QpakTo-
rpaduyeckre OTIAMYUS TOBEPXHOCTEH H3I0MOB 00pa3IoB Ha BO3/AYXE U B Cpe/ie TIPH HABOAOPO-
JKUBAaHUHU M PAaCCMOTPEHO BIMSHME HA HX Pa3pyLICHUE TOBEPXHOCTHBIX Ie()EKTOB.
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