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Abstract. The wear behavior of compact graphite iron (C@8s studied both experimentally and based on &efini
element analysis of the stresses developed duawigation wear tests. During the experimental pamtiof this work,
the compact graphite iron was submitted to thertn@htments of annealing and quenching to modify dfiginal
strength and hardness. Three levels of hardnesg wWan analyzed: (i) low hardness — treated CGhwérritic
matrix; (i) medium hardness — original CGI with goétic matrix and (iii) high hardness — treated CG®vith
martensitic matrix. The three different materialgre later subjected to cavitation erosion testsaitaboratory
equipment. In terms of the numerical analysis, sbftware ABAQUS was used and meshes were genevitethe
help of the OOF simulation package, developed at National Institute of Standards and TechnologySTN.
Consistent with the experimental procedure, thennpgirameters analyzed in the simulations were thlel wtrength
and work hardening coefficient of the CGI matribodd agreement was obtained when numerical and ewpatal
analyses were compared. Both methods indicatedltieahardness of the matrix affects the wear behmafithe CGI.
Additionally, the finite element results allowee tbbservation of stress concentrations in the @ast matrix, as a
result of the presence of graphite flakes.
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1. Introduction

According to Liu (1981), Hrusovsky and Wallace (29&nd Guesser and Guedes(1997), due to a goodreatioh
of mechanical and thermal properties, compact gmphon (CGI) is largely manufactured into mecheahi
components, such as ingot molds, cylindrical heagbaust manifold brake components, hydraulic valedies and
vehicular engine blocks. In some of these appbicati Iwaiet. al. (1983) mention that the component is exposed to
cavitation-erosion conditions, in particular, whiéhte components are in contact with high temperaliguéds; for
example, in hydraulic machines or vehicular engines

Several woks on the processing of cast iron (L8811 Hrusovsky and Wallace 1985, Guesser and Gué863,
Iwai et. al, 1983 and Dunks and Turner, 1981) have lookedthecoptimization of mechanical characteristicshsas
toughness and fatigue and wear resistance. Howdnme works indicate an enormous variation ofgtodsracteristics
as a function of, mainly, chemical composition,eyqf metallic matrix and morphology of graphiteidtalso known
(Tomlinson and Talks, 1990) that the graphite flakerk as stress concentrators and that theirtefemore critical
when the irons have graphite with lamellar morpgglo

Recent works on steel and white cast iron (Marghsal, 2004 and Serantoni, 2003) show results of stress
distribution when the materials are subjected mopierature variations and wear processes (Fukuetasd, 2004 and
Cuppariet. al, 1999). The objective of this work is to enhanke tomprehension in this area, by using the finite



elements method (FEM) to analyze the influenceaflhess over the stress distribution developechgwavitation
wear tests of CGlI.

2. Material and methods
2.1 Material

Table 1 presents the chemical composition, thedlirirardness (HB) and the ultimate tensile streifgfhS) of the
CGI studied in this work, in the as cast (originedndition. The mechanical properties presentedahle 1 were
evaluated in a previous work (Cuest al. 2003), following standard procedures for theses$ypf analyses. Table 2
presents the microstructural characteristics ofottiginal CGl, which consisted basically of pearliterrite, vermicular
graphite and traces of spherical graphite. Theameewvalue of the graphite aspect ratio L/D (L gtérand D = width)
was 8 + 2.

Table 1. Chemical composition (Wt%) and mechanical propsmiethe compact graphite iron studied in this work

C Si Mn P S Ti Hardness (HB) | UTS(MPa)
3.6 2.1 0.5 0.04 0.02 <0,001 215+5 460

Thermal treatments were applied to the CGI withdharacteristics presented in Table 2. These texgmwere: (i)
Annealing — austenitization at 980 for 30 minutes and cooling until 760 at a cooling rate of 4C/h, temperature
hold at 700°C for 2 hours and final cooling to room temperainsede the furnace and (i) Quenching — austeatitimn
at 900°C for 30 min and quenching in water until room temgture.

Instrumented indentation tests were conductedérotiginal and treated CGI specimens, in ordentestigate the
mechanical properties of each phase separatelyindtrumented indentation, thgpecimen is submitted to a
load/unloading cycle, in whidie applied load and the penetration depth ardregmnislymonitored. In this work, the
analysis of indentation load-displacement curvéswaldd the calculation of hardness, elastic modi)sand strain
hardening exponentn). Calculations were based on a procedure descripedCuppary (2002). Instrumented
indentation analyses were conducted in a FISCHERECEYV 100 with a Vickers indenter and a total oty
impressions, with a load of 100 mN, was used tduewa the mechanical properties of each phasethéosriginal CGlI
(pearlitic matrix), the results from the instrumexhtindentation experiments are presented in Tabl&itilar
procedures were used to analyze the irons that thermally treated and these results are showrabieb 3 and 4.

Table 2. Microstructural characteristics of commgraphite cast iron studied in this work.

Graphite Pearlite Ferrite
Volume (%) 11+2 82+2 7+2
Type 80% IIIA5 - 20% IA6
L/D 8+2
Hardness (HV) 60 £ 10 300+ 10 188 + 25
Young's modulus — E (GPa) 23+3 189 +5 168 + 20
Yield strength -0, (MPa) 125 + 30 587 £13 316 £50
Strain hardening exponenh- 0.155+£0.04 0.136 + 0.005, 0.200 £ 0.009

Table 3. Microstructural characteristics of trela®Gl.

Condition %vol. %vol. %vol. %vol. Hardness
Graphite Ferrite Pearlite Martensite HV30
Cast iron - original 11 7 82 - 215+ 10
Ferritized 11 71 18 - 180 + 10
Quenched 11 - - 89 615+ 10

Table 4. Mechanical properties of martensite.

Martensite
Hardness (HV) 800 + 50
Young’s modulus — E (GPa) 191+8
Strain hardening exponenh- 0




2.2 Wear test

In this work, cavitation tests were conducted iwilaratory device (TELSONICSG1000), following an ART
Standards (1992). Specimens were held stationaoyghout the tests at a distance of 0.5 mm fromvitkating horn
(Figure 1). The frequency and vibration amplituderevkept constant at 20 kHz and48, respectively.

Controller

Amplitude: 40 um

Frequency: 20 kHz
Temperature: 20°C

- Specimen

Figure 1. Schematic of the cavitation erosion tests

All tests were conducted in distilled water at astant temperature of 2C. The tests were interrupted at regular
time intervals in order to evaluate the evolutidnmass loss along each test, which had total camatof 300 minutes.
After each interval, specimens were cleaned usiig-sound and the mass loss was then determinex) @s
analytical scale. During these interruptions, ttermsurfaces were observed under an optical miopescn order to
identify the wear mechanisms. At least three test® carried out in specimens of each level of iesd studied.

2.3 Finite element modeling

Finite element method simulations were conducteth tie ABAQUS software. The mesh was generateditiiro
the software “ppm2oof”, developed at the Natiometitute of Standards and Technology — NIST. Thfsasare allows
the generation of a two-dimensional mesh, wheraeplstrain triangular elements reproduce the differghases
observed in digitalized micrographs (Figure 2). lEaomulation was conducted such that the graphitefshown in
Figure 2 was considered to be embedded in eadireahttrices analyzed: pearlitic, ferritic and mastéc. The mesh
was more refined in certain regions, in order twéase the accuracy of contact conditions and stierctural features.
The loading conditions used in the simulations weased on the assumption that the cavitation shasles stresses
the specimen in the direction perpendicular todtdace, resulting in strains in the orthogonaedions (Cuppari,
2002). Roughly, these orthogonal strains may beioét through Eq. (1), wherms is the stress applied to the
specimen during the test ands the Poisson ratio. More accurate calculatiomsikhconsider both elastic and plastic
contributions fore,, and . The intensity of the shock waves generated dutimeg cavitation tests are not known
accurately. Okada et al. (1989) presented a cotigileof literature results, combining both simutess and
experimental results. Based on this compilatiomalae of 1GPa was assumed for #hgstress. The Poisson ratio was
assumed to be equal to 0.33. Once the values afid¢,, were calculated, the system was loaded by impasiege
strains to the meshes generated based on Figure 2.

V.o
£y =&, =-05x£, andg,, = E33 (1)

During the simulations, it was assumed that mafpearlite, ferrite or martensite) and graphite preed an
isotropic behavior and, for CGl, that the interfedween both phases was perfect, such that noasiepewas allowed
along the matrix/graphite interface. Pearlite agwlite phases were considered to be elasto-plasticmartensite was
assumed to be only elastic. In all cases, largénstwere allowed without fracture.



(@) (b)

Figure 2. Overview of the meshes used to simulsestresses developed during the cavitation t@gtsnorphology of
real graphite flake, digitalized and (b) mesh addor the graphite flake and the metallic matrix.

3. Results and discussions

3.1. Wear

Figure 3 presents the curves of cumulative mass dssa function of time. In the figure, the slofehe curves
change throughout the test, which indicates thalependent of matrix hardness, the wear rate ismfiirm along the
test. Three different regions may be defined ferdhrves presented in Figure 3: I) up to 40 minfrdm 45 to 120 min

and I11) from 130 min.
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Figure 3.Cumulative mass loss of compact graphite iron fametion of test time and hardness: CGI cast g
cast iron; CGI quenched — martensitic matrix and @@ealed — ferritic matrix.

In Region |, mass loss curves are similar, although the hagpesimen presents a mass loss slightly higher tha
the others, followed by the material with the intediate matrix hardness and the material with dfest matrix. The
high wear rate observed in the beginning of theisesainly attributed to the removal of graphiie,the damage at
regions close to the cavities left by graphite tmdurface pitting (Figure 4).

In Region |1, the wear rate decreases significantly and becamésrm for all materials. In this region, it is
possible to observe that the harder CGl becomes mear resistant, followed by the material with slodtest matrix
and, finally, by the material with intermediate dthaess. Figure 4 indicates that, during this pertbd, matrices are
further worn out by pitting and in regions closetite cavities left by graphite. Wear occurs mainlyareas where the
graphite flakes are more acute, which result intltening of the worn areas.



In Region |11, a clear difference was observed in the massdorsges presented in Figure 3, further expanding the
wear trends initiated in Region II. In Region Wear is no longer limited to the cavities left naghite and extends
through the entire surface (Figure 4).

Figura 4 Wear evolution (CGl, as cast). Region I: after 1ifi of cavitation test; Region II: after 60 min ahtation
test and Region llI: after 150 min of cavitatiostte

The wear behavior of the CGI with ferritic matrix mot in agreement with literature works on the mafasteels.
According to Hansson and Hansson (1996) continderrgtic microstructures provide the worst wearistmce to
cavitation. That behavior is attributed to the easyoval of ferrite from the boundary of carbidesjch would also be
removed due to the lack of support from the maffixerefore, thermal treatments are usually recondieeriowards
the formation of martensite, or bainite, which impe matrix strength and reduce cavitation wear.

3.3. Finite Element M odeling

The FEM analyses conducted considering the magewiéh different hardness levels indicated thadsges were
intensified at the ends of the graphite flakes @npositions where the surface of the flake wasumstorm. Figure 5
presents the distribution of maximum principal s¢es for the three materials at the moment whemitifeest strain
was applied to the mesh. In this figure, it is [lussto observe that the maximum principal stresgsesensile over the
entire surface and that stresses are lower in feeirmen with the lowest hardness, followed by thecsnen with
intermediate hardness and, finally, by the hardesicimen. The high stress values observed for ¢aglific and
martensitic matrices appear since the stresseddnntatrices were allowed to increase indefinitelgheaut the
occurrence of fracture. Although these results imayualitatively correct, such high stress valuesret expected to
occur in practice.

(a) Hardness: 180 HV30 (b) Hardness: 215 HV30 @)dHess: 615 HV30
Ferritic matrix Pearlitic matrix Martsitic matrix
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Figura 5. Distribution of maximum principal stressgound a graphite flake embedded in differentioes.
Application of maximum strain: (a) ferritic matrigy) pearlitic matrix and (c) martensitic matrix.



The stress distributions shown in Figure 5 may X@aéned based on the mechanical properties atéibto the
matrix of each specimen. The lower yield strendtferite (Table 2) results in higher levels of gia deformation and,
consequently, in an improved ability to absorb &mergy from cavitation and to distribute this ewpetgiformly
through its volume (Figure 5a). The energy absotegearlite (Figure 5b) occurs mainly elasticallyd, therefore,
pearlite is unable to distribute the cavitationrgyeas efficiently as ferrite. The martensitic mafFigura 5c) presents
the highest levels of maximal principal stressesiakimum load. In this work, martensite was consdeo be only
elastic, which is in agreement with its usual lEittehavior. Therefore, this specimen is also uwnadbldistribute the
applied load throughout the specimen volume aressérs become concentrated in preferential sitésasuthe graphite
ends.

(a) Hardness: 180 HV30 (b) Hardness: 215 HV30 @)dHess: 615 HV30
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Figure 6.Distribution of minimum principal stresses aroungraphite flake embedded in different matrices.iiRed
stresses after strain removal: (a) ferritic matfiy; pearlitic matrix and (c) martensitic matrix.

Different stress distributions were obtained after strains imposed to the meshes were removedrd-gjpresents
the distribution of residual (after strain removalaximum principal stresses for the three casefiestun this work. It
is possible to observe that these stresses aremneantly compressive in all cases, except forriggons close to the
graphite ends and flake irregularities. These lonatwere those for which the stress concentraticere higher during
the loading portion of straining cycle.

Figures 6a and 6b indicate that the ferritic andrlitec matrices are subjected to the highest degref tensile
residual stresses. This observation presents dbfmsxplanation for the highest wear resistancehef CGl with
martensitic matrix. Since cavitation is associatéith several loading cycles, it is possible to etphat the pearlitic
and ferritic matrices will become increasingly digd to tensile stresses, favoring an increasass loss throughout
the experiments. The differences observed expetatgrfor these two materials are possibly assedatith the
fracture toughness. Since residual stress disimibsitare similar for these two materials, more dgenaould be
expected in the material with the lower fractu@sghness, which is pearlite.

In the case of the cast iron with martensitic matfigure 6 indicates that there are essentiallyasidual stresses
along the matrix. Considering that residual stressgpear whenever there are differential plastfordetions in a
material, this result is explained based on thstieldehavior imposed to the martensite. In fdet, regions presenting
residual stresses different from zero are a reduhie plastic deformation of graphite, which waswamed to present an
elastic-plastic behavior.

The mechanical properties of the matrices signifigaaltered the cavitation behavior of the CGldstd in this
work. Higher values of hardness were observed thighmartensitic matrix, which experimentally prasenthe highest
wear resistance. The numerical results have shbatn dlthough this matrix provides an increaséhetensile stresses
during the loading portion of the straining cyclbese stresses may be almost entirely removed glumtoading.
Therefore, this type of matrix would present areasially elastic behavior during the experimentsjting the damage
to pitting areas and to areas where stress coatiammwould occur due to the removal of graphidddis.



4. Conclusions

In the conditions proposed for this work, it wasetved that:

» The cavitation wear of compact graphite iron, inglegent of hardness, occurs in three stages: |)vanod graphite
and pit; 1l) Fracture along the edges of the casitieft by graphite removal and pit and Ill) weaeothe entire
surface.

» Stress concentration occurs during the cavitati@anof compact graphite iron, especially at theseoidgraphite
flakes and at irregularities along the surfacenefftake.

* When the applied load is removed, regions withhiglest tensile stresses become subjected to e¢gidmpressive
stresses.

* Tensile residual stresses were predominant in trapeact graphite iron with pearlitic and ferriticaatmix, in
comparison with those with martensitic matrix.

» Good agreement was observed when the stressedatedcin the finite element analysis were companéth the
wear rates measured during cavitation tests.
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