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Abstract

The paper addresses the impacheétingrate on treatmenbdf selectedyraphitecast ironsand their properties

after isothermalaustemperingand the appliedtype of heat treatmenioreover, the papeaims to correlate the
type of heattreatmentand the structuraland stressconditions in lamellargraphite cast iron (LGCI) and

spheroidalgraphite cast iron(SGC). LGCI and SGCl heat treatmentwas desgnedto receive ahard, abrasive
and tough surface layerafter surfaceinduction marquenchingvhile maintainingthe original microstructure of
the coreof thematerial. To achieve this goalve appliednductionmarquenchingind evaluaed theexperimental
material in line with the following criteria: to determine hardnesand toughnesgKCO), microscopicstress
values and assedise experimentamaterialin terms ofmetallographicmicrofractographicanalysis

Key words structural stress, intense heatingntrolled coolinglamellar graphite cast irpspheroidal graphite
cast iron

Introduction

There areanany materialsused for castingout graphiic cass areone of themostcommon Their wide range of
propertiesis given bythe structuralstate ofthe metal matrix shape, sizenddistribution ofgraphite.Generally,
heat treanhentprocesses ardetermined by thgraphite morphologyhile there are no restrictions emnealing
processsapplied to casiron, treatmentprocessesvith higher heatingandcooling ratesandsignificantthermal
and structuraltensions can be appliednly to sometypes ofcastiron and castf simple shapesExcessive
deformationandcrackinghaveto be taken int@onsideratiorespeciallyin technological processeliring which

martensiteor a bend containing martensiteare formed.Notch effect caused byunfavourablemorphology of
graphiteparticlesmay hinderor preventcompletelythe use of suctreatment processasich agefining, surface
hardening etc..

Under cetain circumstances,and but brittle structureswith high internal stressesanbereplacel with structures
of slightly lower value of hardnessbut much higher value oftoughnessand lower level ofinternal stresses
Isothermalheat treatmerdipplied tospheroidal graphiteast iron(Austempereductile Iron) is acommonly used
for volumetricheat treatment afast iron Kinetics ofthe metallurgical procesis characterized by lesggressive
thermalandstructural changes

Processeassociated with higffor instancenductior) heatingfollowed bycontrolledcoolinghave not beensed
if tough bainitic coating is the final purposeThe paper addresses thesuein terms of internal stresses
microstructureandselectednechanical properties
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Methods am Goals

Different types ofgraphitecast ironwere choserfior the experimentapurposes, such atamellar graphite cast
iron (LGCI) andspheroidagraphitecast iron(SGCJ). Althoughthemore demanding LGI heat treatmerttasnot
been commonlysed the material has undergonsothermalrefinement In comparison to other graphitic cast
iron with identical matrixandrespective hedtreatmentlamella graphite shape makes mechanjmadpertiesof
the lowest value In contrast,isothermallytemperedsphepidal cast iron[1], [4] featuresthe bestmechanical
properties Experimentswith cast ironwith transitionforms of graphiteverenot carried outHowever, wecan
assume theropertiedbein the rangalefinedspecifically bythese'marginal types ofcag irons

Even thouglSGClisothermalrefinement isof moresignificancein practical termsisothermalLGCI refinement
canbe advantageous for egurface hardenintp increasevear resistancddlendsbeing formed duringtandard
surfacehardeningare taracterized byigh values of internal stresswhich may causdissures Austempering
substantiallyeliminatesthesedisadvantagesvenin LGCI [5], [6].

Following the aforementionethe goals of the paper are to

- select specifitypes ofgraphiic castiron for experimentaivork,

- characterize mechanical propert@sselected types afast ironfollowing their standaranarquenchingind
austempering,

- propose anapplyan intensivanethod ofheatingspecimengo austenitizingemperature

- with respectto the heating ratecompae specimens mechanical propertiesjalues ofinternal stress,
structure morphology arfdactureareadollowing ther final heat treatment

- based uporthe results of theexperiments proposeways and possibilities ofapplicatins using intense
heaing.

Proposal of the Experiment

LGCI and SGCI heating treatmentvith induction heatings designedo obtain ahard, abrasiorresistantand
toughcoatingwhile preserving the originahicrostructureof the corematerial.

For thispurposethe pearliticLGCI andSGCI material was selecteaktheaustenitizing temperatufer a pearlite
structureis lower than thatfor the structurecontaininga certainamountof ferrite or a completely ferritic

structure Induction heatingimes wee shortandthe austenitizingemperaturehosenwas by150 °Chigher than
in slow heating suchasfor instancen afurnace

After intensiveinduction heatingf the materialsurface tathe austenitizingtemperaturethe following surface
layers wereformeddepending on the method adoling

- martensiticsurface layer when cooledn water,
- bainitesurface layer when cooled ira salt bath

Table 1: Chemical compositionof experimental material (weight % ), lamellar graphite cast iron (LG Cl)

Chemical element C Si Mn P S Cr Cu Ni \%
Content of the
element 3,57 2,72 0,97 0,05 0,022 0,08 0,93 0,74 0,042
(weight%o)

Table 2: Chemical compositionof the fundamental material (weight %), spheroidal graphite cast iron

(SGC).
Chemical . .
element C Si Mn P S Cr Cu Ni V Mg
Content of
the element] 3,6 2,83 0,97 0,04 0,021 0,08 0,93 0,74 0,042 | 0,041
(weight%)
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Mi croscopic stresses thermally untreated LG Cl

By measuringntensity ofthe diffractionlines of cementitewe find thatLGCI specimens contailessamount of
cementite thai®GCl specimensThereis small coherent diffraction aréa castiron. By measuring thevidth of

thereflectionby Shery 220alphairon / ferrite, we find thatthe specimendave fairlyhigh values ofmicrostress
/mean alueis 200MPa/,

LGCI specimens contairferrite crystals where petty plastic deformatio;m may occur. Moreover, fastic
deformabilityis induced by high microstressdaringwhich adjacenferrite crystalsact on each other

The valuesof internal stressesn S1, S2,S3 specimensare listed in Table 3. The assessment of stressSt
specimerwasmadeusingthe diffraction pattern No. Bpecimens$s2andS3were alsaevaluated

Table 3: Values of internal stressin S1, S2,S3specimens

Specimen Size of thecoherent diffraction area | Internal stress valued  ( MR
designation D(egm)

S1 0,12 189

S2 0,13 182

S3 0,14 220

Microscopic stresses in thermally treated GCI

The values of internadtressin T1, T2, T3 specimensare listed in Table 4. The asessment of stress il
specimen wamade using thdiffraction pattern No2. Specimeng 2, T3were alsaevaluated

Table 4: Values of internal stressin T1, T2, T3 specimens

Specimen Size of thecoherent diffraction area | Internal stress valued ( MH
designation D( e m)

T1 0,048 87

T2 0,042 84

T3 0,049 120

Diffraction pattern 1
Specimen designationLGCI specimen NoS1i thermally untreated
Sensing parametersanode: Co + se. monochrorator, U = 30 kV, | = 30 mA,

110y
2025

2113
200 1170

1.434 (220

1.013

&0 70 20 40 100 110 120 130

| Bk
step0,05° 2y, 5s/step
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2d 2w B sinU
52,4108 0,2795 0.02447 0.44159
77,1517 0,3630 0.02769 0.62355
99,6642 0,4852 0.03053 0.76416
123,9969 0,6779 0.03105 0.88293

0.035
S1
SPECIMEN

<
*
0.030 /

e

0.025 /{/
0.020
0.40 0.50 0.60 0.70 0.80 0.90

SIN THETA

2w@osd k 4de ...
B=———=—+—@ind =0,00833 + 0,01566.9in
o D &
O = 0 , 0158600048828 012 4

Size of thecoherent diffraction area Dgrp= 0,12mm

Internal stress value s = E.U = .10°0,p014882= 189 MPa

Lamellar graphite cast irdnX-ray patternS1specimen

The X-ray diffractionpattern, usingDebyei Scherre method,shows aeflecting plang110) representinghe
highestpeakin theposition53 on x-axis.
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Diffraction pattern 2

Specimen designationLGG No. T1 - thermally untreated

Sensing parametersanode: Co +sec monochrorator, U = 30 kV, | = 30 mA,
step0,05° 2y, 5s/step

110y
2.025

211}
1.170

.
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/
o /

0.025
L 4
0.020
0.40 0.50 0.60 0.70 0.80 0.90
SIN THETA
2d 2w B sin d
52,4072 0,2782 0.02435 0.44156
77,2212 0,4250 0.03240 0.62402
99,7240 0,5268 0.03313 0.76449
123,9924 0,6558 0.03004 0.88292
2w@osd k 4de ...
B=———=—+—-Q0Qind = 0,02067 + 0,01372.9in
S D &

U= 0, 01372/4=000051380 08539
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Size of the coherent diffraction areaDgrp = 0,048mm
Internal stress value s =E.U = .10°%0,60D5148 87 MPa

Spheroidal graphite cast irdnX-ray pattern, T 1 specimen
The Xray diffraction pattern, usingdebye i Scherrer method, shows reflecting plane (110)
representing the highest paaktheposition53 on x-axis

Heat Treatment of Lamellar Graphite Cast Iron (Lgci)

Volumetric heat treatment

The aim ofthe volumetric heat treatmentvas to producespecimenswith bainitic and martensitestructure
throughout thar volume. Subsequently the preparedspecimenswere used asmeasurement standards
metallographicevaluationof specimens treated bgduction heatingThe following conditions were selected to
accomplish theet goal

- austenitizing temperature 920 °C,

- hold ataustenitizingemperatures 30 min,

- bainite transformation temperature320 °C [ower bainite),
- hold at bainite transformation temperater80 min,

- tempering temperature 150 °C,

- hold at tempering temperature60 min.

Table 5: Methods used in volumetric heat treatment

Specimen

. . Technological procedure of heat treatment
designation

Marguenching:
A heating in gurnace to austenizing temperaturead °C,
A hold at the temperature30 min,
A cooled instantly in water
Tempering:
A heating to tempering temperaturel& °C,
A hold at theemperatures 60 min,
A air cooling
Austempering:
- heating in durnace to austenizing temperaturead °C,
- hold at the temperature30 min,
- instantly cooled in salt batie bainite transformation temperature3@0 °C,
- hold at the temperature90 min,
- finally air cookd

10M to12M

10Bto 12B

Surface heat treatment

To guaranteehe desiredaustenitizing temperaturi@ surfacemarquenchingand austemperingdf specimens,
induction heatingvasprovided by &GV 201 generatoandinductormadeespeciallyfor this purpose.
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In the course of heatirig the inductoy the specimenwereplacedon a traymadeof copper sheaindcopperpins
(Fig. 1). After the austenitizing temperature reachedthe specimen can be coolattantly The specimen
positionon atray is shown in Fig2. Reachinghe austenitizing temperatuirethe surface layewas determined
subjectivédy by readinghestandardccolorsemitted Specimen bating timerangedrom 12 to 186 seconds

Saltbath(AS 140sal) preheatedo the asired temperature was used to reach #iith transformation
temperatureThetemperaturevasheld constantluring thebainite transformation

FLUKE 51 digital thermometer witiNiCr-Ni thermocouplavas used taheck thaemperature athe saltbath

®8
| 9
N 48
155
&
23 o B

Fig. 1 Shape and dimension$the tray

inductor

Fig. 2 Position of the specimen on the tray

The following parameters were selected for the surface heat treatment

austenitizing temperature920 °C,

hold ataustenitizingemperature= 0 min,

bainite transformation temperature320 °C (ower bainite,
hold at bainite transformation temperatgr@0 min.

Technologial procedure ofheinductionheat treatment of specimens is listed in T&ble
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Table 6: Applied procedures ofsurface heat treatment

Specimen

designation Technological procedure of heat treatment

Surface induction marquenching:

10to 14 - fast and intense induction heating to ausizinig temperature @20 °C,

- after reaching the temperature, inskaboledin runningwater.

Surface induction austempering

- fast and intense induction heating to ausizinig temperature @20 °C,

- after reaching the temperature, instantly cooled in salt bath to bainite
transformation temperature 820 °C,

- hold ataustenitizingemperature= 90 min,

- finally air cooled

15t0 19

Mechanical testing
Mechanial testswere performed in line with the following standards

- STN EN ISO 6508L17 Rockwellhardness test
-  STN EN ISO 650711 Vickershardness test
- STN EN 1004517 blow bending test

Rockwell hardness tes{HRC)

HardnessHRCwas measured in five points along the entire speciifign3).

1 2 3 4 5

s+ + 4

—_ - —
&

Fig. 3 Points of penetration when measurtiBC
(the distance between points of penetrati@s10 mm)

The resultsndicatethat thehardnessvalue of volumetrically treaed specimends almost constanalong their
entirelength. Surfacetreatedspecimensave lower hardnesslueon edges (points of penetratiod and 5)than
in the centrgpoint of penetration3). The hardneswalue variationswere causedy induction heatingas edges
andcornersof the specimensvereheatedirst. Extremeheatloadin the vicinity of thesepointsformedfissures
onthe edges ofhe specimensthusfacilitating the penetration othe indentorinto thematerial under tesBased
onthe resultsthe Vickers hardnessestwas proposed anchrried out

Metallographic analysis

Metallographicanalysis wasperformed in line withSTN 420461 setting out procedures describein the
gualitative and quantitativenanner theelementswhich can mostfrequently be found in casfron, such as
graphite ferrite, pearlite cementiteandphosphidesutectic. Base material and heat treated material \aedysed
NEOPHOT 2 lightmicroscope was employdd assess the structuwisually. The results ofmetallographic
assessment are as folloj@3, [10]:

- Basematerial: The structure ofhe materiais madeup of laminatedgraphiteandmetal matrixconsisting of
lamellarpearlite(Fig. 4).Entryin line with the standard A 417 P17 P 961 Pd 1,4.Thestandard notation
in wording reads as followd he notatiordefines theeGCI structure with lamellagraphiteof the sizel20up
to 250 ¢ nphite i€ distributed evenlyln addtion, the structure contains lamellar pearlite with
adispersion ofL,3up tol , 6 neferrit@exceeding per cent of the structur&he structurelsocomprises
a certain amoutof unspecifiedmpurities.

56



American International Journal of Contemporary Research Vol. 3 No. 3March2013

- Material after being marquenchedand tempered The structureonsists ofamellargraphiteand a matrix
made up omartensiteandresidualaustenit€Fig. 5) [2], [3].

- Material after being austempered The structureconsists oflamellar graphiteand a matrixmade up of
bainite andresidualaudenite The contentof residual austenités higher than in the marquencheand
temperednaterial(Fig. 6).

- Material after being surface induction marquenched Due to short inductiomeatingaustenitizingtimes
extremely fine martensite of specific morptology with no distinctive plateshaped or needghaped
formations(Fig. 7)in the surface layewas formed The figure also showsfissuresemergingprimarily by
sharpedgesof flakesif additionalgraphiteis present in the vicinityT he fissures indicatéhe emergencand
presenceof extremestressafter water cooling Moving towards the core, thdV;q hardness valuslightly
decreasedutfissuresareno longerpresentandif so, just a few of them.

- Material after being surface induction austempered The surface layer structumeonsists oflamellar
graphiteand a matrixmade up of bainite aneksidualaustenite There is moreresidual austenitéhan in the
water cooled materiakissuresare not formeaen the surfacérig. 8) [7], [8].

Metallographicanalysis showshat martensitehaving been formedfter induction heatinghas developed a
specificmorphology Thespecialmorphologywas developetbecausehe austenitizing temperatuie reached in
very short times ininduction heatingand conditionsfor austenitehomogenizatiorare severelylimited. Bainite
obtained via induction heating is finer than baioittainedvia furnace heating.

Fig. 4 Microstructure of the base materi Fig. 5 Microstructure of the materialfter
marquenchingnd temperingetch pikric
etch pikric acid, 500 x. acid 500x
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Fig. 6 Microstructure of the Fig. 7Microstructure of the material afte
material afteaustemperingetch surface induction marquehing,

pikric acid 500x specimen surface, etch. pikric acid, 500

Fig. 8 Microstructure of the material after inductiot
surface austempering, specimen surface, etch. pi
acid, 5@ x.

Microfractographic assessment fracture surfaces
Microfractographic assessmentsop e c i fraeturesudfacesafterthe blowbendingtestshowedhe following

Fracture surface ofthe base material(thermally untreated) is characterized bya mixed type of disruption
(Fig. 9),such as

a) disruption of pearlite

- trangrystalline cleavage

- transcrystallineluctile fracture
-oddeOovanzm | ami el

b) disruptionin intermediatgearlitegraphitepositions
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Fracture surface ofthe material after surface induction marquenching.
Surface layer of the specimen
The following can be seen in theétture surfacgig. 10):
- flakes ofgraphite
- areas of disruption alongside the phase boundaries
- matrix distruptions

Fracture surface ofthe material after surface induction austempering

Surface layer of the specimen
In general disruptions developn intermediategraphitemetal positions. Matrix disruptiors are rarely
develod(Fig. 11).

Microfractographicassessmernhdicatesthat experimentdy manufacturednaterial comprisea largeamountof
lamellargraphitein its strudure asconfirmedby mechanical testingndmetallographyLamellar graphitects as
a stressconcentratomwithin the structureand causes negative effects durirgat treatmeniGraphitestrength can
be ignoredn comparison tehe strength ofhe metaimatrix, thussignificantlyreducingthe mechanicgbroperties
of the material

Fig. 9 Fracture area of the base mate Fig.10 Fracture area of the material afte
induction marquenching (surface)

Fig. 11 Fracture area of the material after
induction austempeg (surface)
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Determination of microscopic stress in inductiormarquenchedLG Cl
- temperatur®f marquenchin®20 °C
a) cooling mediuni water
b) cooling mediuni saltAS 140
Values of sructuralstressstates wer@btainedvia diffraction analysis similarly as in specimenwith no
heattreatment.

After checkingby means of thél standard, th&iZG 3 goniometeishowsthe peakvalues have to becorreced
by thisvalue i.e. 0.04degres have to be added to thieetaangle Tabulateddatafor alphairon: lattice parameter
a = 2,8664 .13°m, interplanar distance = 1,1702.18°m. At a wavelength omolybdenunradiationK i alphal
= 0.7093 A, it is a diffraction angletheta = 17.64 degres. The values obtructuralstressesbtainedare shown in
Tables7 and 8.

Table 7: Values ofstructural stress, cooling mediuni water

Specimen designation| Cooling medium D / ¢ [ MPal]
SK1 0.03 993
SK2 Water 0.013 966
SK3 0.03 917

Table 8: Values ofstructural stress, cooling mediuni salt AS 140

gpe_ume_n Cooling medium D / &t & [ MPa
esignation

SK4 0.13 570

SK5 SaltAS 140 0.01 590

SK6 0.01 512

Heat Treatmat of Spheroidal Graphite Cast Iron Specimens
Volumetric heat treatment of specimens

Specimen®2M and 2B were volumetrically heat treated tstructurs of martensiteandbainite They servedo
identify the basic properties ofconventionally heat treded specimensand to comparetheir structuresand
propertieswith surfacetreated specimens

Heat treatment conditions

- specimerZ2M (marquenched base materidkom LGCI was heated taustenitizingemperaturef 920 °C
hold at temperaturir 30 mirutes then cooled ir20° C water and tempered 450°C / 1 tour.

- specimer2B (austemperédbase materidrom LGCI was heated taustenitizingemperaturef 920 °C
hold at temperaturéor 30 mirutes, then cooled in salt ba##8 140at temperature 0820 °C, hold at
temperature foPO mirutes cooledin the open air

Surface heattreatment of specimens
Specimens wermarkedin the following way

- specimen No2i heat untreatetlase material,

- specimer2M i volumetricallyheat treated specimen to madite

- specimer2B 1 volumetricallyheat treatedpecimerto bainite,

- specimens Nao20,21,22,23,241 surface heat treated moartensite
- specimens Na25,26,27,28,291 surface heat treated bainite.

To obtaina martensiticsurfacelayer, specirans No.20, 21, 22, 23, 24vere cooled in watef20° C). Specimens
No. 25, 26, 27, 28, 2Were used to produce baingarface layerThe processof cooling was carried ouin the
AS 140salt bathat the temperature &0 °Cfor 90 mirutes and then in thepen air. Theat bathtemperature
was measuredith a Fluke51 digital measuring deviceypewith athermocoupléNiCr-Ni).
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Mechanical tests

Methodologyused forLGCIl wasalsoemployed to carry out mechanidakts The measurettardneswaluesof
the surface layerarein line withHRC.

For purposes ofcomparison average hardnessvalues and impact toughnessvalues for specimens2M
(volumetrically processetb martensitg 2B (volumetrically processedo bainite and specimens No2 (base
materia) andsurfacetreatd specimenblo. 20to 29are showrin Table 9

Table 9: Averagehardnessvaluesand impact toughnessvalues

Average Notch
Specimen heating Cooling HRC hardness toughness
time KCO [J.cm?]
2 - - 24 16
2M 30 min. Water20 °C 56 4
2B 30 min. AS 140 320 °C/ 90 min. 45 40
20to 24 13 s. Water20 °C 62, 60, 59, 60, 61 10
25t0 29 14 s. AS 140 320 °C/ 90 min. 49, 47, 46, 47, 48 32

Metallographic assessment

Metallographicanalysis of the base materialcrostructurgFig. 12) wasperformedaccording tahe normSTN
42 0461.Graphiteis dischargedn the form ofregulargranularVl in thestructure othe base material.he $ze of
graphitenodulesis 6 (@above30 up to 60 nm). The @st ironhasferrite andpearlitestructure,contaning pearlite
P92 @bove90 up t094%) and ferrite Fe8 @above6 up to 10%). Perlite is alamellar P1 structureand its Pd

dispersion isl.4 (@abovel.3 up tol.6mm ). The following notation corresponds with the analysi$ 6 7 P11 P92
i Pd14

Fig. 12 Microstructure of the base material etch pikric acid, 100 x

The gandard specimen structunasanalysedwith a light microscopeA microstructureof the martensiticheat

treatedspecimen(2M) is shown inFig.13anda microstructure of thaustempeed specimer(2B) is shownin Fig.
14
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Fig. 13 Microstructure of theolumetricallyprocessed speciméaustenitizing®20 °C / 30 min.,
marquenching20 °C/ 90 min), etch pikric acid 500 x

Fig. 14 Microstructure of thevolumetically processed specime@ustenitizing@20 °C / 30
min., austemperin@20 °C / 90 min.)etch pikric acid 500x

Analysis of the structures obtained
- 2M specimen matrixFig. 13) is made up o# fine acicularmartensitestructureandresidualaustertie.
- In comparison to a 2Mpecimen2B specimen matriXFig. 14) is made up o&lower bainite structure
with a thickerplatelike morphologyanda larger representation dfigh carbonstabilizedresidual
austenite

M etallographic asessment of the surface treated specimens

Representative specimens NA2 and 28were selected for atallographicanalysisof thesurfacetreatedstructure
of the specimendicrostructure wereanalysedy means of the NEOPHOT?2 light microscopeFig. 15 (by the
surface)shows themartensitially marquenchedpecimen(No. 22) and-ig. 16 showsthe austemperedpecimen
(No. 28.
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