Fracture of corrosion protecting layers: investigation by indentation test
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Abstract. The mechanicaproperties ofprotectivecoatingsproduced by arrosionon the internal
surfaces of pipelinegansportinghydrocarbondiave beennvestigated by indentation tests, which
have revealed thspall or cracking attitude dhe film. Therole of material properties controlling
the coatingintegrity and the main damaging mechanidmse been identifiedith the aid ofthe
numericalsimulaton of the experiment.

Introduction

Pipelines transporvorldwide large volumes obtrategic resource€onsequently, mcedures and
practices to monitatheir integrity representhallengng investigation area®r operatorsespecially

in the hydrocarbn sector The presence of water amd chemicalspecies such as GOH.S, O
representsprominent factors causing internal corrosiavhich is one of the most active and
dangerougslamage mechanism&hich canlead to reduction of pipe wall thickness aritinately

to leak or burst failure

CO, corrosion is described by predictive models, mainly based on empirical correlations with
laboratory and/or field datd]. Otheranalyses have bedrased on a strict mechanistic analysis
the various processes involved in acid corrosion of carbon steelever, n spite of the huge
amount of available literaturand collected failure datat is reasonably easy to understand a
corrosion evewit hbéakWwar evhileaanlarde Wegiees of mmeettadinty dss
associated tthe attempt of predicting future damageéhis limitationis partly connected to thiack

of reliable information about the material properties, which may degrade during ttiméfef the
pipeling for instancaunder the action of hydrogen produced by corrosion reactions and absorbed by
the metal2].

Indentation test has been recently proposed as a suitable tool to determine thkickiosss
mechanical characteristics @ipelines steel [3]. The sametesting procedures have beatso
exploitedto investigate the properties die thin layers produced byocrosionon the internal
surfaces othe pipes. The results obtaineduring a preliminary eplorative investigatiortampaign
carried outon carbon dioxide (C& or hydrogen sulphide @$) coatings have been presented in
[4].

The interpretation of thexperimental output can benefit from the results of a simulatioaehof
the indentation test, which is presented in this contribution.

Experiment

In this preliminary explorative campaign, samples have been producadeactorin controlled
environmentatdifferentpressuref n  t h e r a npygoduciigéolrodith coatmgsof different
thickness and morphologyll specimens have beesubjected to indentation tes# different
maximum load up to 200 N by rounded conical (Rockwell) ansharp pyramidal (Vickers) tips



which may return complementary informatioRepresentative indentation curves &ve instance
shown inFig. 1 and compared with those relevant to the bulk material-{remied, NT).

The jumps of the penetration deptibserved in some situatioavealthe spall or cracking attitude
of double layercorrosionfilm and the possible penetration of fracture intolibx material These
phenomena have been evidence®&EM analysisof the indented surfasendof the cross surfaces
produced by carefututs through the indentation markdeaningful nicrographsare documented
in [4].
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Fig. 1. Indentation curves relevant to carbonated steel speciimRaoskwell tip single corrosion
layer on the left; double on the right

Model

The interpretation of the experimental results produced by the performed indentation tests can
benefit from the simulation of the experiment, which can contribute to idethiifyole of the
material properties controlling the coating integrity andnifaén damaging mechanisms
Simulationswereperformedby a commerciafinite elementFE) code[5], implementingnodesk of

a representative portion of thelk materialcovered by a layer of corrosion produdibe feelwas
described by theclassical Henckyi Hubeif Mises (HHM) modd with exponential isotropic
hardeningand assumethechanical propertidstedin Tablel. These valuewereinferred from the
reference indentatiocurves, relevant to the tests performed on uncoated metal samples, see Fig. 1.
The mechanical response of the coatimgs assumed to bgovernedby the associativeDruckeit

Prager (DP)criterion with linear isotropic hardeningule. The onset of irreversile plastic
deformation ighusdefined by the conditian
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where:s; denote the components of the deviatoric stress tepssthe mean stresghe positive
variable & representshe cumulative multiplier of the plastistrains; U ,k and h are material

parametersin particulay the internal frictioncoefficientU
initial yield limits in tensionandin compressin, Sy, and Sy, respectively, as follows

a ;/ésYc - Y$’
SYc +Y$

k:£ SYC s(t
\/ésYc + Y$

Notably,the pressuiiendependenHHM modeli s
DP plasticityis coupled to @henomenological mod#hat describethe progressivedegradation of
the tensile material strength astiffnessleading tothe complete material separatiatypical of the
brittle response observed in the experimbnthe consideredpproachthe onsetof damage is met
whenthe cumulativeequivalentplastic deformatiomssumes criticalvalue The damage evolution
law is specified in terms of fracture energyith lineardissipation As irreversible strains increase,
the yield limit and the entries diie elasticity tensoare decreased by the factori(D), whereD is

a measure of the accumulated damagleenD = 1 the material has lost its loa@rrying capacity.
For the present application, some parameter has been fixed to there@duted inTable 2,
assumed from literature data particular[6] and[7]. Others have been variedthin a realistic
range in order taevidence theirole in controling the coating integrity and the main damaging

mechanisms.

Tablel. Mechanical propertiesf pipe steel

and the

recovered as

2

U is

Young modulus Poisson ratio yield limit hardening exponen
E [GPa] 3 1] Gy [MPa] nli
180 0.3 400 0.08

Table2. Mechanical propertiesf corrosion product layer

Young modulug

Poisson ratio

lOJYC [M Pa]

compression yield

hardening modulug
h [MPa]

fracture strain
yIi]

150 0.

E [GPa] 3 1][
3

400

60 0.01

Results

The preliminary numerical study repedt herein concerns the simulation of conical (Rockwell)
indentation tests performed on the bulk material coated by a single layer of corrosion pobducts
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computatioral burden required tonderstandherole of key mechanical parametelike the friction

angle and the fracture energywhich distinguish the response of tlemating in tension and
compressionResults are compared in termrokasurable quantities, defigitheindentation curve
andthe geometry ofesidual imprint lefton the specimersurface,as well asn terms of damage

distribution

Theimplemented FEnodek considemerfectinterface betweethe bulk material andhe corrosion
a b mughnes8 hel@h#issuggested by the micrographs reported

layer, either smooth owi t h
in [4] and[8].
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Fig. 2. Indentation curves fadifferentfriction angleandfracture energyixed at the values;= 1
N/mm; continuous lines and the firBt value refer to theomputedsystem respondger
assumed smooth interface; tenost superimposed dotted lines and@healueafter the
forwardslashcorrespond to the assumption of rough integfa
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Fig. 3 Indentation curvesbtained fori = 1 0 A foradiffetentfracture energy valuesompaed
with the response of the reference bulk matetiaé first D value refers to 100 N
maximum load, the one after tfwardslashto 200 N

The results reported aig. 2 for a maximum 100 N loashow the marked influence of the assumed
friction coefficient on the overall stianf g s s
value reduces significantly the penetration depth. Notably, the acceohdEhage (measured by

the variableD) is also strongly affected by this material parameteriendalueis maximized for

the pressure i nde e rrdleoiis casej tmeunatarialilocatly losed its9oad
carrying capacity already for a wimum load of about 60 NOn the contrary, neither the
indentation curves nor the amount of mechanical degradation experienced by the corrosion layer are



significantlyinfluenced by the morphology of the interface between the coating and its suastrate
a0 10A

The results presented Fig. 3 shows that indentation curves are almost unaffectethdfracture
energy, at least withintheran@e= 0. 76 1. 3 N/ mm as s umed Howeverf he p
larger Gy values facilitateconvergencef the performed nonlinear numerical analyse§he curves
concerning the coated systeare clearly distinguished from thoselevant tothe referencebulk
material. The contributiof the corrosion layereducesslightly the maximum penetration depth
buthas a marked effect on the pillg height, which increases significantly (eg. 4).

The material is compacted under the indented tip while damage localizes in the pilegampas
observed in the experiments; 4d& A clear shearing mechanism appears in the case of a smooth
separation between the coating and its substratdsesvedn [9], while the pattern iscattered by

the interface roughnesseeFig. 5 andFig. 6.
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Fig. 4 Residual imprinbbtainedor at 100 N maximum loabrd =1 0A and for di f f
energy values; comparison with the response of the reference bulk material

Closing Remarks

The numericalsimulationof indentation tests performed on pipeline stg@cimensoated by a
single layer of corrosion prodts has beerdescribedin this contribution The presented results
were obtained bgxploiting themodellingfeatures available in a standard commercial codhéch
allowed to capturehte principal characteristic®f the observed system response, includirgmain
damaging patterns. The model may be further refined in ordeptoduce with improved realism
the detachment of the corrosion layer from its substrate.

Tests performed on specimens witbuble corrosiorcoatingevidence the sharp propagatioof
discrete cracks along the interface of the syersand inside the bulk material, reflected by jumps
in the indentation curve3he interpretation of this experimental outpull be the subject of fure
investigation
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