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Prediction of Near Surface §@-carbides after Hard turning of SAE 52100 Steel
RICHARD DAHLGREN

Department of Materials and Manufacturing Technology

Chalmers Univeiity of Technology

SAMMANFATTNING

Materialavverkande processer sa som hardswarg och slipning kan orsaka strukturella
forandringar av ett arbetsstyckes yta, en sadan férandring ar bildandet av skort, hart och etsresistent
Aa1A10 az2yY At bemasSPBAKAENRTFAGH aAGd yFYYy AFNRhY RS
det i ljusmikroskop. ibts omfattande forskning kringita skikt sa forstar man inte mekanismerna och
forutsattningarna for uppkomsten av det vita skiktet till fullo.

Uppkomsen av det vita skiktet paverkar ytintegriten som i sin tur pavesg@enskaperna hos den
bearbetade komponenten. Med bakgrund av detta ar det viktigt att forstd karakteristiken kring
skapandet av det vita skiktet s& som restspanningar, volymfraktion staustenit, hardhet och
uppldsning aFe,CrRC karbider.

| den har studien analyserades upplosning/tillvaxt(ée,CriG karbiderefter hardsvarvningDetta
gjordesexperimentelltgenom SvefElektron Mikroskopg(SEM) samt teoretiskt genom en modell i
programmet DICTRA.

Karbiderna karakteriserades med hansyn till storlek, form och distribution i arbetsstyckets yta med
SEM. Datormodellen anvandes for att simulera hardswgsprocessen genom att applicera tryck
och temperatur pa arbetsstycket.

SEManalys@ visar pa en lagre volymfraktion av karbider for de mastéska ytorna svarvade med

den lagsta hastighetenResultaten fran simuleringarna visar pa en valdigt liten paverkan av
karbiderna under de korta varmecykler som materialet utsatts for under ardéngsprocessen.

Nyckelord (Fe,CriG karbider,Vitt skikt, Hardsvarvning , Kullagstdl, SEM, DICTRA, Moving Boundary Model
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ABSTRACT

Material removal processes like hard turning and grinding iottoduce structural changes in the
surface of the workpiece material, such as the formatioradkatureless, brittle, hard, and eteh
resistant layer This featureless layer is callédhite f | & ddNdb its appearance in light optical
microscope. Despite the extensive research results regarding the white layefutitamental
conditions and mech@sms for its formation is not yet fully understood. Due to different
microstructure of the white layethe surface integrity is significantly altered, which affects the
performance of the machined component. Therefore it is of giegbortance to understad the
characteristics of white layer formatiosuch as residual stresses, volume fraction of retained
austenite,hardness as well as dissolution of (Fe,Gr¥a@bides.

In this study the dissolution/growth of the (Fe,Cr3f@rbides wereanalyzed experimntally after

hard turning and theoretically bgpplying a moving boundary model in DICTRA. The carbides were
characterized regarding size, shape and distribution at the workpseckce in Scanning Electron
Microscope (SEM). The moving boundargdel wasused to simudte the hard turning process in
terms oftemperature and pressure applied to the surface of workpiece

The SEManalysis shows a limited dissolution of carbides in the martensitic surfaces machined with

low cutting speedThesimulationresuts indicatethat the carbide dissolution is vetymited during
the short thermal cyclethe carbides were exposed to during hawdning.

Keywords(Fe,CrG carbides White layer Hard turning Bearing steel, SEM, DICTRIbving Boudary Model.
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CHAPTER 1

Introduction

1.1 Background

Hard turning as well as grinding inthaces structural cheges in the surface of the waolece

material, such as the formation of a featureless, brittle, hard, and -e¢sistant layer. The newly
F2NX¥SR f1&8SNJ 2y (GKS YI OKAYSR adz2NFIFOSs 4gKAOK |f a;
visual inspetion in the light optical microscopeDespite the knowledge and the amount of research
results available about the white layer characteristics, the fundamental conditions and mechanisms
for the formation of the whitdayers are not fully undetsod. Generally three different mechanisn

are supposed to be promoting white layer formation i) plastic deformation ii) rapid heating followed
by subsequent rapid cooling an iii) surface reactiathvthe environment[]. It is important to
investigate ifthe pressure and/or temperature are high enough to alter the surface/subsurface
microstructure (carbide dissolution/grow) during hard turning as the final surface integrity can have a
large impact on a machined component.

1.2 Aim & Goals

The goal of this Mster thesis is to characterize the carbides close to the surface after machining, in
order to be able to study the influence (temperature and pressure) on the material during cutting.
The work has been divided into two parts, one practical and one thaadetThe practical part
includes microstructure investigation of samples hard turned with different mgttonditions. The
theoretical part includes a computer model describing the carbide dissolution/dgogluring hard
turning the computer isevaluatedwith respect to theresults from theexperimental analysis

1.3 Limitations

For the computer simulation only thermal and pressure diffusion kinedies considered.The
computer model used will not consider any sheatr/strain activated dissolution of thédesr




CHAPTER 2

Theory

2.1 White layer

During hard tuning (turning of hardened stee(60 HRQ)a thermomechanically induced layer is
FT2NY¥SR WBATUSSRI@SNE RdzS G2 Ada NBaraldkyoOoS G2
microscope ad featureless in SEM [2Thk layer is very hard and can havthizgknessof 0.5- 12 um
depending on the process parameters. It is often accompanied snftar layer beneath which is
known as dark layer and oftaescribed as an ovaempered zoneWhite anddark layer formation

is not limited to hard turningas it has also beefound in othermaterial removal processes such as
reaming, grinding and electricdischarge machining

2.1.1 Mechanism of white layer formation

The mechanism behind white lay&srmation is yet not fully understood andherefore thereis a
wide range of theories trying to explain tleecurrence of white layer formatioThe rext section
presents twgproposed mechanisms

Dynamic recovery (Mainly mechanical )

Dynamic recoverysisug@sted by several authors [3,4] be the main mechanism of whitayer
formation. It has been observedtat certain metals undergoing plastic deformation under high strain
rates(10° to 10°) [2] developadiabaticshearbands. This meanshat only an ingjnificant portion of
the heat generated during the deformation is dissipatkding the short deformation time, making it
generally an adiabatic process.

The process can be explained as the beginmihglislocationsbeing arranged in celboundaries.
Assited by the local increase in temperaturdue to rapid localized deformation, dislocations
concentrateinto tangles producing regions of high and low dislocatiensity and forming suigrain
boundarieq4].

Reverse martensitic transformation  (mainly ther mal)

Reverse martensitic transformatida a term used for the lpase transformatiorfrom martensite to
austenite Several reportf6,7,8] have showrincreasedetained austenitecontent in the white layer
compared to the bulk indicating that white layer rfoation is accompanied with a phase
transformation.Chouand Evang7] have simulated the hard turning process by using a moving heat
source modeblccording toJlaegers theonf9] and found a good agreement with their experimental
values from hard turning foSAE52100 steel. The explain the whitelayer formation withrapid
heating caused by the friction between the tool and the workpiditee machined surfactirnsinto

an austenitic state and when the tool leavestsurface rapid coolingby convection ofthe air
transforms the machined surface backam fine grained martensitic structure.

(0p))
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2.2 The Fe-Csystem

The terma & (0 &eferfs 0 an irorcarbon alloy with carbon content up to 2 W& C. With the iron
carbon alloy as a basether alloying elemets such as Cr, Ni, Mo, Mn can be added tcaobtesired
properties such as hardness, hardenabiliyd corrosion resistanceA review of the irorcarbon
phase diagram reveals 3 allotropes of irdnferrite, {-ferrite | y Raustenite. The first two
allotropeshave a bcgbody centered cubic) structure and the latter hasfec (face @ntered cubic)
structure. The bcc phases of iron have a very limited solubility of carbon compared to the fcc
(austenite phase). Thdifference in solubility is the key to hetreatment of steels. By heatingteel

up to the austenitic state and allowing tib cool down a wide rangeof microstructures can be
obtained maling it possible to tailothe properties of the steel busing differentheat treatmens

[9].
2.2.1Martensite

Martensite is one of the phases which may form when steel is rapidly cooled from the austenitic
state. The rapid cooling allows for the carbon formerly in solid solution autsteniteto stay in
solution with the new phase. Thereforemartensite canbe considereda supersaturated solid
solution of carbon in ferritewhich will decompose into ferrite and cementite given tirfiéne carbon

is solved interstitially and provides solution strengthenirgsulting ina high hardness of the
martensite phase.

The martensite transformation is dependent on a high cooling rate to avoid formation of other solid
state phasesuch as ferrite, pearlite dpainite. The critical cooling rate neededn be very high for
plain carbon steel busteelalloyedwith ferrite-stabilizingsolutes(Cr,Mo,Sisuppresghe nucleation

of the other solid state phases allowing fower cooling rates.

The transformatiorfrom austenite tomartensiteis a diffusionlessprocessand pioceeds through a
shearing of the austenite lattice (fcmto martensite (bct,bccjesultingain large deformation ané
volume expansioifg].

The morphology of martensite differs depending on the carbon cantérihe steel. In low carbon
steelwith up to 0.5wt.% Cthe martensite is arrange in laths. When the carbon content reaches
0.5% additional plate like martensitestarts to develop andhe phases coexistip to 1wt .% C
Carbon conten higherthan 1%generatesonly plate martensite.

2.2.3 Bainite

Bainiteis formed when the cooling rate is suféat to avoid ferrite and pearlite but insufficient to
form martensite.Bainite is a mixture of carbide and ferrite. There are two forms of bainjeer
and lower bainite. Uppebainite forms at a higher temperature than the lower bainite aisd
characteized byneedles or lathsof ferrite with cementite precipitates between the lathswhile
lower bainiteis characterized by fine ferrite plat@scorporaing dispersed carbidd9].

2.2.4Cementite

Cementite isa metastablecompound between iron and carbomith the formula FeC. It is formed
when cooling slowly from austenite to ferrite because of the low solubility of carbon in ferrite.
Another way to obtain this phase is by heatingmértensitein the range of 1500°C (tempering)
allowing excess carbdo precipitate as carbide® complete tempering process results in cementite
carbides in a ferritic matrip9].




2.3 SAE 52100

Inthis investigation a high carbon steel of grade SAE 52100 has beerTasetiemical composition

of the material is givemn Table 1. Bothmartensite andbainite microstructuresvere studiedwith
respect tocarbide dissolution after hard turningxamples of the both micrasictures presented in

in Fig. 1

SAE 52100s a commonsteel used in the bearing industue to its excellentheat treatment
properties in terms ofhardenability control of grain size, consistency of spheroidization and
resistance to decarburizatiomallowing for both martensitic and bainiticthrough-hardening
depending orthe application It also has gud resistance for rolling contaéatigue after appropriate
heat treatment.

A key component for its heat treatment properties is the chromium content winicheases the
ferrite-to-austenite transformation temperature and widens the three phase regiorfedfite +
austenite + (F€rkC. Chromium also results in finer pearlite lamellae which renders finer carbides
and improves the spherodization properties. The stability of carbides is also imprevieth is
essential for creating fine grained medium carboartensite[11].

Table1l Nominal chemical composition of SAR2100in wt%[1(
Element| C Mn | Si Cr
Wit.% 1.04| 0.35| 0.25]| 1.45

Fig. 1 Example of the bainitiqleft) and martensitic(right) microstructure in SAE 521Q0he scale bar applies for both

images)

2.4 Carbide dissolution

2.4.1General theory

Carbidedissolution consists of three step),decomposition of the carbide @toms from thecarbide
crossinghe interface(carbide/matrix)andiii) diffusion of theatomsfrom the carbide intahe matrix
(austenite) [12). The two first steps proceed ratively fast and the cementite dissolution is
determined by the diffusion of chromium and carbon through the austenite phase.

The rateat which the carbideslecrease in size depends on the chromium diffusion since the carbon
is an interstital and daesnot affect the volume of the carbidgignificantly

2.4.2During hard turning

There are many theories and investigatigrsvidingdifferent explanations abouthe dissolutionof
carbides during hard turning ranging from complete dissolution to unaffected carbitliesssection
aims to cove some ofthe investigations supgrting the different results

4



Complete dissolution

Zureckiet al.[13] showedthat there is almost a complete dissolution of surface carbidesng hard
turning which increases the carbon content of the mataid thereby decreassthe melting point.
They explain it in a-8tep process

() The thermal input and plastic shearing tbe machinedsurface result ima substantial
increasein temperature, an extensive microstructural refinement, and a nearly complete
dissolution of carbides in the surface layer.

() As hard carbides dissolve in the hot, austenitic matriXxhef machined surfacethe
material strength decreases to the point of unlocking a catastrophic shear. The
mechanism ofcarbidedissolution andthe accompanied loss istrengthis selffeeding
since the melting point (solidus) of the steel decreases with increasing amount of carbon
entering the matrix from dissolved carbides.

(I I NI}LAR O22fAy3a 2F GKS aKSFNBR f | 8LINIPSAQ K |
of the submicron white layer structure. Small areas of unquenched martensite and
retained austenite may develop within frst below the skared layer

Unaffected carbides

Because ofhe high heating and cooling rateShouand Evan$7] claim thatthere is insufficient time
for the martensite to decomposand thatthe carbides are therefore unaffected. They alsetated
that martensite transforms to austenite by a massive transformatibfiusionless)

Partial dissolution of carbides

Barry and Byrng8] have seen refinement of carbides during white layer formatioiard turning.
They have proposed that the refinemerdudd be due to dissolution of carbides andpeecipitaion

upon cooling. Turleyl4] suggested that the carbides have been annihilated by the dispersion of
carbon to dislocations, vacancies and subgrain boundaries

2.5 Turning

Turning like many other maming operations is accomplished by straining a local region of the
workpiece to fracture by the relative motion of the tool and the workpiebtachining is normally
employed to produce shapes with good dimensional tolerances and surface integrity.

The two axis of motionare called primanand feed motion. The primary motion is the main motion
andis provideal by the rotation of the workpiece anche feed motion is a linear motioof the toolin

the axial direction aimed to facilitate continuonsaterialremoval.

2.5.1Cutting tool and wear

Thecutting tool is a vital part ithe turning operation and the toatan be designed in variowgys
for different applicatiors. The general geometris summarized irHg. 2.




Third tool rake
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Fig.2 General gemetry of a cutting tool and variants of cutting edge shapés courtesy of Elsevidi5]

During the turning operatiofthe tool is subjected to hegvioad and high temperature which causes
the tool to deteriorate over timeDamages of the tool are clasfied into two groups, wear and
fracture. Fracture igharacterized by catastrophic failure like cracking or chipping of the tool whereas

wear

is characterized kyycontinuousand progressive loss of material from the tool.

Common wear types

1 Crater wear observed on the rake face angtimarily caused by a chemical interaction
between rake face and the hot chip.

1 Flank wearobserved on the flank and caused by abrasive action of hard constitaaaltsas
Fe&C and nommetallic inclusions in the workpieceaterial.

1 Builtup edge(BUE)adhering of the chip to the tool tip causing attrition of the tool when the
adhered material breaks off.

1 Notch wear primarily caused by oxidation of the togknerating a notch in the flank face.

1 Thermal cracksracks inthe tool generated by repeated heating and cooljag].

2.5.2Forces

The force applied by the tool on the@orkpiececan be dvidedin to three componentssee Hg. 3.
These are thesutting force, K, which acts in tangential direction, the feed fordg, which acts in
direction of the feedaxial direction)and the passive for¢és,, which acts in radial directiof15].The
passiveforce is the significant force when it comes to puass of the workpiece since it
counterforce igirected into the workjece.



Rotating
workpiece

T~ Cutting speed V:L

R\Feed

F,

Fig.3 Forces active during turningn courtesy ofK. Philip Varghesgl6]

2.5.3Heat

Metal cutting generates significant amount of heaincethe power used for plastic deformation is
largely convertedinto heat near he tool cutting edgeThe heat is generated ithree zonesas
described below andhown inFig.4 [15]:

1. Primary shear zone locateth the shear plangheat generateddue to intensive plastic
deformation

2. Secondary shear zone locatedtla¢ tool/chipinterface heat generatediue to friction

3. Tertiary shear zonein the contactbetween workpiece and the flank due to frictiprheat
generation in this zone increases with flamkar since the contact area is increased with wear
This heat generatiois of greatimportance forwhite layerformationin the workpiece

Cutting Tool
Insert

Rake face

Secondary shear

Zone

Tool

Holder

——

Primary shear
Zone
Tertiary shear
Workpiece
zone

Fig.4 Heat zones and heat flow during turningh courtesyof Hsevier[17]

Theheat generated andhe fluxes betweerthe chip,tool and workpiece are strongly ioenced by
the cutting speed. Wherthe cutting speed is increasedhe time in whichheat flows into the



workpiece and the tool is shortened@his resulin a higher amount of heat carriezivay by the chip
hencereducing the amount of heat going in to therkpiece. The correlationan be seem FHg. 5.

Workpiece
100 I //

Total heat, %

100 200 300
Cutting speed, m/min

Fig. 5 Percentage ofgenerated heat transferred into the workpiece, tool and chipas afunction of cutting speed in
courtesy ofElsevier15].

2.5.4Hard turning

Hard turning isa term used for turning of materials with a hardness exceedinglR& This process

generates more heat and higher cutting forces than conventional turning of softer materials. To be

able to cut these hard materialsven harder cutting toal areneeded a cubic boron nitride(CBN)
inserts arecommonly used.

2.6 Multicomponent Diffusion theory

Phase transformation isften accompanied with diffusion, a flux of atoms. Diffusion can be explai

ned

&8 yI GdNBQa ¢l & (2 S8ljdzd t Aé&d@ adoncén@ationzgradent dnef flaxy LX & |

of atoms will be established in order to reduce the gradient.

CAO1Qa TFANRG ¢ RSAONAROSE G(G(KS 0O2yySOilAzy
simplest form of the lawdealingwith an isothermal, isoldc onephase alloy with diffusion of
species K in one direction z is written as )

b O3 (Eq2.6.1

—a

where0 is the interdffusion fluxand isoften measured in— . ® is the concentration ogpecies

k,and’O isits diffusivity or the interdiffusion coefficient.

CAO1Qa FANRG f1 6 OFy 0SS O2Y0AYSR gAGK GKS
T :

To 1 a (Eq2.6.2)

|

o1 d& a (Eq 2.6.3]
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This egation can be used tpredict how diffusion causes the concentration to change with time
However, the equatiomnly applies to a single component solution. Commeialialys contairmore

than two componentstherefore the law must be extended in order toebapplicable to a multi
component system. Tt was done by Onsager in 19318], where he suggested that each
thermodynamic flux is linearly related to every thermodynamic force, resulting in this expression for
an isothermal isobaric system.

v VI (Eq 2.6.4)

where ‘ isthe chemicapotentials for the various componentsze is a proportionality factor which
depends on the mobility of the different components. The fluis defined as

(Eq 2.6.5)

This can be rewritten to express the fluxes as a function of concentration gradients instead of
gradients in chemicalotential.

1O

. . T
v R (Eq 2.6.6)
Further, by introducing the unreduced diffusivities,
. o ®
v 1 a (Eq2.6.7)
we end up with
LT
© Rk I (Eq 2.6.8

Since— are purely thermodynamic quantities waan divide diffusivities into tweeparate parts
one purely thermodynamic par—), and one kinetic parthae.
Theconcentration gradients in EQ.6.7are connectechndas a simplification tha gradient isoften

discarded.With the n gradient eliminated andhe reduced diffusivities introducedeq 2.6.7 now
becomes

Cc
o
| N

(Eq2.6.9)

—a
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CombiningEqg 2.6.9 with the continuity equation(Eq 2.6.2) will givea system of coupled partial
differential equationswhich enables callations in multicomponent alloys. These systems rarely
have analyticasolutions;hence numerical methodsre generallyrequired to solve thenji19].

2.7 Thermodynamic and Knetic databases

To be able tesolve the systems in the preceding sectiarcess to both thermodyamic and kinetic
data is neededand as always when it comes tumerical modelghe accuracy of the results is
dependent on the quality of the provided data

The use of thermodynamic data for calculation of phase diagrams hasdveamd for more than 35
years now.One method which has been very successfuihis CALPHAD fCculation of Phase
Diagram) methodwhich expressesthe Gibbs energy of individual phases as a function of
temperature, composition and pressuf@0]. Equilibriumof the desired system is calculatdxy
minimizing the Gibbs energy. The thermodynamic parameters inntlbeel are evaluated from
available thermodynamic data from experiments using a minimum sum of squares method to
optimize the calculated values to thegerimental values

Influenced by the CALPHAfethod, Andersson and Agref21] developeda method for calculating
kinetic data. In their modelthe atomic mobility of the individual species in a multicomponent
solution phase is modeled as a function of enature, composition and pressure. Using absolute
reaction theory arguments the mobilitgoefficientfor element B, N, is divided into a frequency
factor 0 Y and an activatiorenthalpy Q

o) D
I L (Eq2.7.1;

where R is the gas constant and T is the absolute temperature. The pararietarsdd varywith
temperature, composition and pressure. The compositidependency is modeled as a linear
combination of the values at each endpoint of the composition sgaicta RedliclKister expansion

%o 6 %o 0 6 % 6 @ G0 (4272

where %o represents Ird Y or 0 . The termo is the value of%o for pure’@nd thus represents one

of the erdpoint values in the composition space. The terféo" represents binary interaction
parametersthe commas separating different species interacting with each other. The t@rarsd

w are mole fractions for element&and 'Q respectively As in the case when evaluating
thermodynamic data, the modgdarameters are determined by an optimaition procedure where
experimentaldatais taken into account. The reason to store the individual mobilities in the database
rather than interdiffusioncoefficientsis a matter of convenience since in a-component system
there are ¢ mobilites and ¢ p interdiffusion coefficientsHence, for a system with more than
two components thereare lessmobilities than interdiffusion coefficientsndthus less data needs to

be stored. The conversion of mobilities into interdiffusion coefficients is an ewsyer if the
thermodynamiadata for the systenis available

10



2.8DICTRA

DICTRA is a simulation tool using thermodynamics to predict diffusion kinetics and phase
transformations. Using the DICTRA software several models for different applications have bee
developed. The model which is applicabléhiis studyA & G KS AayRIONME IY DRSIZ ¢ RS GS|
Agren[20].

2.8.1Moving boundary model

The moving boundary model handles phase transformations caused by diffézioaxample
dissolution or growth ofparticles embedded in a matrix. The basic model consists of two single
phase regions separated by a planar boundary and the boundary migration is determined by the
diffusion of atoms to and from the interfac#f. we have a system with two adjacent phaseandi

with one phase growingto the other, the number of molesn a component k should be conserved
hence a flux balance equah can be formulated as follows

(Eq 2.8.1;

g

WhereU is the interface migration ratap andw are the contents of component k i ndi |

close to the phase interface, and and0 are the corresponding diffusional fluxes. The tekmis

the molar volmS 2 ¥ -plia&eSBy ftalculating thaitial boundary condition at the interfacehe
integration in time carbe carried out. If the migration of the phase interface is slow comparddeo
interfacial reactions, amassumption rgardingthe localthermodyramic equilibriumat the interface

can be madeApplying this commonly used assumption allows the boundary conditions to be
determined. This enables the solufio 2 F (G KS RAFTFdzAaA2Yy LINRBOfSY Ay (K
enables solvig of the fluxbalanceequation (Eq2.8.1) and hence determining the migration rate of

the phase interface. In a multicompent case a system of nonlinear equationgill be generated
which hago be solved by iteration/numerically.

The assumption of local equilibriuat the interface implies that the chemical potential is constant
across the phase interface atldat the concentations of the components can bextracted from a
phase diagram. This means that the transformation rate is solely controlled by the diffusion of
compments to and from the interfacelhis is a simplification which disregards a number of effects
which can influence the transformation kinetics, e.g. curved interfaces, finite mobility of the
interface,andsolute drag and elastic stresg@2].

2.8.2Cellmodel

For more complex problemis a largersystemwhere several moving boundarieare presenta cell
model can be used. The moving boundary model described earlier is considered as one cell and to
expand the system more cells are added and connectdbagrevious model.

The cells are interconnectda) requiring that the activity of choide equal at the boundaries of the
cells and the total amount of each component is constant. To be able to maintain the overall mass
balance the net flux between theells must be zero. This is achieved by iteratively determine an
activity that will result in a zero net sum of fluxes.

The cell size is fixed which renders the outer bougdaf the cell immobile and it is only the
intracellular boundaries which connethe regions that move dependingn growing/shrinking
regions[19].
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CHAPTER 3

Experimental and analysis techniques

3.1 Hard turning

Before this project was started,a series ofturning operations were done in order to anatythe
influence of thecutting parameters on thdormation of white layer. The testswere carried out on 12
steel ringsof AISI 5210@see section 2.8 Two different heat treatments were carriemiit to obtain
either a martensitic (MAVI6) or a bainitic (B‘B6) microstructure. Prior torfal hardening treatment,
the microstructure of the steel consisted of evenly distributed spheroidized (E€,Caybides in a
ferritic matrix.

During hard turningthe autting speed Vg, and flank wear, Vs, were varied in a systematic way for
both bainitic and matensitic rings as showhig.6. All other cutting parameters were kept constant.

V [m/min]
"
260 = [ wm2/B2| | m4/B4 |
10— | M1/B1| [ M3/B3 |
30—+ [ M5/B5] | Me/Be6 |
I I >

~0.03 ~0.17 Velmm]

Fig.6. Cutting speed and flank wear used during cutting tedt$ and Bdenotesmartensitic and bainitic structure.
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3.2 Sample preparatian

Small piecesof the hard tuned ringsvere cut out from each specimeand hot mountedin Struers
Polyfasé uresin. The samples wepeit from the ringsaccording toFig.7.

Machined surface

Machined surface

feed

Mounting resin

Fig.7 Sketchshowingprincipally how samples weresut from machined rings and maued in resin.

After hot mounting all sampleghen were polished in 3 steps with 8,and 1 micron diamond paste

to a mirror like surfaceTo enhance the visual detection of the carbidd®e samples were also

polished with an oxie polishing sspension(OR{ 1 6 { G NHzZSNE& 0 0 T 2wdldsptie Y A y dzii
samples were extracted from the mounting resin and cleaneahinltrasonic bath i3 steps firstly

with acetone secondly with isopropanol and finallyith ethanol.

As a final prepation for the SEMnvestigation,the samplesvere glued with carbon paste temall

holders.

3.3 Scanning Electron Microscopy

All sample were visually analyzed in SEM with tpedfic setting as showim Table 2

Table2
Machine Zeiss 1550 Gemini with field
emission gun
Accelerating voltage 2.0kv
Detector Secondary Electron
Working distance 5-6 mm
Magnification 30.000x

In eachof the 12 samples5 random positions near the machined surface were chogdreach
position, an area of 21 uym (depth) * 81 um (length) was selected from which 27 images were
recordedas described in Fi@. For reference carbide distribution within the materiah area of
7*9*15 um area in the bul{lmm from the machined surfac&f one martensitic(M4) and one
bainitic (B5) sample wasvestigated.
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Machined surface

/ < Feed

J/ Bulk

123&567891?pm

~y
18|17 | 16|15 | 14 | 13| 12 | 11 | 10 21 pm

19 20 1) 22| 23 24 | 15 26| 27

Fig.8 Schematic view of the imagingetupin SEM

3.4Image analysis

All images were processed wiPhotoshopto enhance contrast for easier visual detection of the
carbides.The software Axiovision was used to record size, aspect ratio and distance from the surface.
All images were processed manually since the contrast between matrix and carl@dasufficient

for the autodetection system in Xiovision.

3.5DICTRA

Basedupon the MovingBoundaryModel described irsection1.7.1, a model for carbide dissolution
hasbeen developed23]. This model habeen the base fothe simulation.

For practical(calculative)reasons the modelis defined in aternary system with Fe, Gnd C as
components disregarding the small amounts of other alloying elemenfhis isa reasonable
simplification since the influence of the other alloying elements is limited as compaieatbon and
chromium

14



A system of three carbidewith sizes comsponding to carbides found in tHaulk material during
SEManalysiswere modeled using the cell approaelith a moving boundary model in each caf
shown inFig.9. Thecells consisbf a sphericalcarbide region surrounded by an austenite region
Hence with this model it is assumed that we hawadully austeniticmatrix in the beginning dueo
rapid heating Rurthermore itis assumed that the spheroidal carbidesintain their shape during
the entire dissolutiorprocess As described isection2.8.2 the cells are coupled by requiring zero
net flux between then and thatthe chemicalpotential for each component aheir common border
is the same.

Fig.9 Sketch showing the principle of thBICTRAnodel

3.5.1Parameters for sinulation

Temperatur e

The temperatureghat occurin hard turning under theivenconditions have been determined in a
parallel project Formedium and high cutting speeathd high ¥, the measured temperature/as well
above A temperature which is the tempeature where austenite beginsto form and carbides
dissolve For the lowest cutting speedndindependent of the tool flank weathe temperature was
well belowthe A; temperature For medium cutting speed and new tool 385) the temperature
was below theA; temperature while for the highest cting speed (M{/B4), the temperatue was
slightly higher than AFor a summary sefig.10.

V. Im/min]
F 3
260 —— Slighthy Above
above 4, Ay
110 | Below A, | | Above A, |
30 71— | Below &, | | Below A4 |
| | ,
! ! Vy[mm]
~0.03 ~0.17

Fig.10 Estimated temperatures during hard turning

Pressure

The cutting forces were also measuredth a piezoelectric dynamometeAs described in section
2.5.2the passive force s theforce acting on theworkpiece.After each run the cutting tools were
examined to determine therea of the flankwear which coincides with the contaatea between

15



tool and workpiece. A simplified wap determine the contact pressuris to dividethe force with
the contact aregcompareFg. 11 c).

For practical reasons every simulation was run at 3 different pressure levels, atmospheric pressure, 1
GPa and 4 GPa.

V [m/min] V.[m/min]
A a) A b)
7T 260" [oomm? | [0dmm |
110 - 10~ (G5 (S5
30 - 40N [ 300N ]
30—+ [ 001mm?]| [0.1mm? ]
—— | |
~0.03 ~0.17 Velmm] | | " [:,,m]
Vlmy/ming ~0.03 ~0.17 b
»
c)
20T [256pPa] [1.26Pa]
1071~ [ 6GPa | [22GPa|
30—+ [ 46Pa | | 3GPa |
| | N
I l Vi[mm]
~0.03 ~0.17 b

Fig.11a) Passive forcesyfneasured during machining) flank wear/contact areac) calculated contact pressures

o2 i

Fig.12 Opticalicroscope images showing a new insbt and aworn insert b).

Simulation Time

The time the material is exposed to increased temperature and pressure depends onttimg cu
speed and the contact lengthetween the cutting tool and thevorkpiece After determining the
actual contact timeit was doulbed and made into an intervab account for effects the cutting tool
has on the material right before and after contadihe contact times for the differéncases are
providedin Fig.13.
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V.[m/min]

A
07T 720w | [ 4080 s |
107~ | 16-30ps | [ 95-200 ps |
30— [60-120 ps | | 350-600 ps |
| | .
~0.I03 ~0.I17 Velmm]

Fig.13 Contact times for the different saples

A simulationtime of 500us was usedor all simulations except for thene with high wear and slow
cutting speed Were a simulation time of 1@us waschosen

Carbide and cell sizes

By reviewing the result from the SEAmhalysis, iree carbide sigswere chosenThe cell sizewere
then calculated tadjustthe average composition of the simulated system to the alloy composition
The cementite/carbidevolume fractionfor SAE 5210@ith corresponding heat treatent have been
approximated to 45 vol% [24]. Knowing thisthe cell size canéycalculated using th following
correlation

0Q (Eq 3.5.1)

wherei is the radius of the ceil is the radius of the carbid® "Q isthe volume fraction of
cementite.

Table3 Carbide diameter, cell diameter and thiokss of the austaitic phase used during simulains.

Carbide Diameter [_um]l Cell Diameter [_um] | Thickness of Austenite [u_rr

0.5 1.4 0.45
0.25 0.07 0.23
0.20 0.36 0.18

The distance betweerthe carbides wagsletermined by the gie of the austenite agions. Thee
distanceswere later compared to SEMnaly®s to evaluataf the model was a good representation
of the materialmicrostructure.

Composition

The austenite matrixisedin the model is assumed to inherit trhemicalcomposition of the prior
bainitic and martensitic matrices They hada carbon contentof 0.7 wt%24] which results in a
chromium content of 1 w6 in the matrif11].

TheinvestigatedV;Gcarbides are assumed t@ave a chromium conteraf 9 wt.%[11].

Evaluation of parameters

Sine the designedmodel during simulationcontains only austenite andcementite phases, the
simulation results wilbnly be valid for those set of paranters that give access to the respective
phasefieldsin the phase diagranTherefore the influenceof pressureon the ternary FeCrC phase
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e

diagram for Fig. 14)atmospheric pressurél atm), b 1 GPaand b 4 GPa were studied in order to
obtain the right process window prior to the simulation. At the chemicabmpositionused in the
system the temperatuesrequired to enter austenitecementite phasewere i) 740°Cat 1 atm, ii)
720°Cat 1 GPa andi) 670 °Cat 4 GPa With this in mind a final test matrix was construct€chble.

1GPa

4).
a -
) Atmospheric Pressure b)
|
1200 : 1200
AUSTENITE
1000 e A o B 1000 -
: . CEM+AUS
800 _FERRITE+CEM+AUS | 00
[~ 740°C
600 o oy s FERRITERLEMENEITE G 60-
£
T I ] S A L 400
a00 Ll L 200
0
0 T T T T T T

0.2 0.4 0.6 0.8 1.0 1.2 14
Wt. % C
0) 4 GPa
1200 | | l |
'AUSTENITE : : : :
000 oo S ST - _“AUSTENITE+M23C6 -
CEM+AUSH+M.
SO O CENFAUSHNZ2ICE =
CEM+AUS
s -] I
" FERRITE+CEMENTITE

400 <

Wi %
Fig.14 Ternary phase diagram for the FerC system a) at atm pressure, b) at 1 GPa, and c) at 4 GPa.
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Final simulation matrix

Table4 Final test matrix for DICTR#gimulations

m/min | T[°C] P Contact [ Valid T[°C] P Contact | Valid
time [ps] time [ps]
750 1 atm 7-20 X 1000 1 atm 40-80 X
750 1GPa | 7-20 1000 1 GPa | 4080 X
750 4 GPa | 7-20 1000 4 GPa | 4080 X
V260
950 1latm | 4080 X
950 1 GPa | 4080 X
950 4 GPa | 4080 X
650 latm | 1630 900 1latm | 95200 X
650 1GPa | 1630 900 1 GPa | 95200 X
650 4 GPa | 16-30 900 4 GPa | 95200 X
Vc110
800 1latm | 95200 X
800 1 GPa | 95200 X
800 4 GPa | 95200 X
450 latm | 60120 550 1atm | 350600
Vc30 | 450 1 GPa | 60120 550 1 GPa | 350600
450 4 GPa | 60-120 550 4 GPa | 350600
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CHAPTER 4

Results

The resultsaare divided into twagparts. The first onds focusing onthe SEManalysis whe the second
part isdealing withthe material simulations in DICTRA

SEM analysis

Thesamplepreparation methodwas optimizedo reveal thecarbides Hence, no emphasis was put

on enhancing visibility of the bainitic and martensitic structure.

The bulkanalysisof the two microstructures showed thahe structure of the bulk is similar to the
structure at a depth of 120 pm.

Visual inspection o&ll the crosssections of the surface ansubsurfacemicrostructures after hard
turning reweals an even digbution of carbides. An examplienage of the crosssection from each
material typeis given together with théard turning conditions in F&g15 and 16

The visual inspection indicates that there was no significant difference in the distribution of the
carbides from the surface down to a depth of 2®. At the surface as well as at the subsurface both
small and large carbides were seen and a detailed distribution of the carbides for each material is
shown in Fig. 17 and 18 Furthermore in samples prodeedwith low cutting speedsuch asvi5/B5

and M6/B6elongated carbides were observed shown irfFig.19. Similar results were observed by
plotting carbide aspect ratio greater than 2 versus distance from the machined surfaces as shown in
Figs. 20 and 21.

For both microstructures (martensite/bainit@p significant deviation in the mean carbide diameter
could beseenexcept forthe bainitic samplemachined with high cutting speed and worn tool}B

For this surfaceghe carbidemean diameteiis 0.1um lowerclose to thesurface (84um) compared to

the mean diametein the bulk (1820 um). For a summary of the mean diameteseeFigs.22 and

23

The volume fraction of (Fe,@® as a function of distandeom surfacewas plotted for eachample
and isprovidedin Hgs. 24 (martensite samples) and Zbainite samples)respectivelyThe technique
used for estimation of the volume fraction of (FeCr)s considered to have a measurement error of
+0.5 vol% R5].

The martensitic samples show a trerRegardles of flank wear,ie samples with the lowest cutting
speedshow a low volume fractioff H dot%)in the very top laye(0-2 um). However, it should be
emphasized that those surfaces have not rezth temperature above the Allne for the material.

For the bainitic samples no significaritend indicating lowewolume fraction of (Fe,GG near the
surface is seen.
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V. J[m/min]

4
260 T
110 —+
30 ——
| |

| | "
~0.03 ~0.17 V,[mm]

Fig.15 Microstructures of the 6 martensitic sample$The scale bar in the lower left image applies for all images)
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V. [m/min]

-,

110 -1

30 T

~0.03 ~0.17 Vy[mm]

Fig.16 Example of microstructure of the 6 bainitic samplg3he scale bar in the lower left image applies for all images)
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Fig.17 Graphs showing amount of carbides of different sizes as a functibdistance fran the machined surface witl
each line representingn interval of diameter size as follow ==#==0.1-0.36 pm =l=0.36-0.51 um

~de=0.51-0.688 uym ==*==0.688-0.830 um ==sfe=>0.830 um
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Fig.19 Examples of elongated carbides near surfateage taken from sample B6.
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Fig.20 Percentage of carbides with an aspect ratio>2 as a function of distance ftrmachined surfacéor the martensitic
samples.
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Fig.21 Percentage of carbides with an aspect ratio>2 as a function of distance from the machined sddatte bainitic

samples.
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Fig.22 Mean diameter pldted as a function of distance from the surfader the martensitic samples
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Fig.23Mean diameter plotted as a function of distance from the surfafa the bainitic samples.
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DICTRA

Due to the temperature valugsnly three out of six cutting conditions for each material type can be
considered during materiasimulation. Since the calculation of the carbide dissolution or grow
starts when the austenization temperature is readhno difference is made in the base material
between bainiteand martensite.Here, it is worth keeping imind thatthe chemical coposition of

both microstructures was similar as well as the spherodizing step. The austenitization temperature
during heat treatment was also similar for both microstructures resulting in comparable carbide
morphology. Therefore the difference in the nostructure prior to the DICTRA simulation is not
believed to have a significant role.

During the DICTRA simulatioa number of parameters are to be varied for studying how the
carbides are affected and what role the pressutgas during simulation of cdinide
dissolution/grovih. The simulations are considering the effect of i) temperature, ii) pressure and iii)
temperature and pressure combined. As mentioned earliee contact times in hard turningre
rather short Therefore it is of great importancdéo study the behavior of the carbides within that
time the material experiences an elevated temperature. However, due to the preheating of the
workpiece material in hard turning the heating time is multiplied by two in order to consider this
effect. For acomplete list ofthe resultsfrom the DICTRAiIimulationssee AppendixA. All DICTRA
codes are povidedin AppendixB.

Generally, the DICTRmulations indicatean insignificant change in the diameter of the carbides
duringthe short thermal cycles causédyy the hard turning The largest change was recorded for the
surfaces machined with the highest cutting speed and highest tool flank wearewvihediameter of
the carbideswas reduced less than 1nmHowever for the surfaces machined with the highest
cutting speed and a new tool the simulatis showed that the diameter of the carbide should
actually increaseThe results from the @TRAImMulation show rather insignificant dissolution of the
cementite and the highest loss in carbide diameteas 0.7 nm btained for parameters related to
high cutting speed and worn tool. Fbigh cutting speed and new tgothe simulations show a
growth of the carbides-or a summary see Fig. 26.

V. [m/min]
260 — | +01nm | | -0.7nm |
110 —— | Below Al | | -0.2nm |
30 —— | Below Al | | Below Al |
| | .

~0.03 ~0.17
Vs[mm]

Fig. 26 Change in thmeter obtained during simulabns. Parameters used(260/0.03=750°C 1 GPa 20us medium
carbide) (260/0.17=1000°C 1 GP&0 pus medium carbide)(110/0.17=900° 1GPa200us medium carbide)
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Influence ofPressure

1000°C at Atmospheric pressure 1000°C at 4 GPa pressure

Diameter[nm] CELL #2 Diameter[nm]
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DAGEO ] < e

249.0 T T T : :
@ -7 5 a 249.55
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107 10 10 10 001
Time[s] >
Time[s]

Fig.27 Diameter changef medium carbide at 100T and a) atmospheric pressure and at b) 1GPa

Increased pressur€l-4 GPa) with constant temperature showaddecrease in carbide dissolution.
For the case of 100Q, Fig.27 a) shows theehange irdiameter of the medium carbidéCell#2) to be
approx. 1nm after 50Qus whileHg. 27 b) shows clearly that once a pressure of 4 GPa is adbed,
carbide diameteris redwced by only 0.5 nm after 50Q@s. This clearly indicatebat the carbide
dissolutiontchange in carbide siZe significantly suppressed. The same behavior is noted for all the
carbide sizes.

Highest dissolution

During carbide dissolution simulations inCORA, the largest dissolution (diameter change) was
noted for those surfaces exposed to highest temperatures and atmospheric pressures. The largest
reduction insizewas recorded for the carbide with largesO®Bnm) initial diameter (CELL)#dut the

largest change in percent was recorded for the medium carbide with an initial diameter of 250 nm.
The change in the carbide diameter is shown in Talkdad 6

Carbon and chromium profiles

The chromium pofile for the largest carbide exerted to 1080 and amospheric pressurshows a
buildup(19wt.% CJ in the carbide/austenite interface and an enrichment of approx. 1 wt.% @e
matrix within an 4hmradius of the initial interfacas shown irHg. 28a)

The carbon profilén Fig.28 b) shows abuildup (0.1 wt.%C) in the interface andrneenrichment of 0.1
wt.% Cn the matrix within an 2imradius of the initial interface.
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Fig.28 Chromiuma) and Carbon boncentration plotted versus distance froncarbide center after 10Qus.

Influence of initial carbide size
The highest decrease in carbide diameter is found in the largest cafiéeesults are summarized
in Table 5 and 6.

Table5 Diametrical change after 500s

Initial diameter[nm] After 5 ps[hm] Decrease[nm] | Decrease[%)]
500 498.8 1.2 0.24%
250 249.1 0.9 0.36%
200 199.2 0.8 0.4%

Table6 Diametrical change after@0pus

Initial diameternm] | After 100us[nm] | Decrease[nm] | Decrease[%]

500 499 1 0.2%
250 2493 0.7 0.28%
200 199.4 0.6 0.3%

Lowest dissolution

For the simulationsesemblingthe surfaces machined with the highest cutting speed and a new tool

where the temperature was estimated to be above thefAR Yy S 6 ¢ xTpne/ 0 | yR (0KS
was estimated to be in the order of 4 GPa, the simulation showed an increase in the diaofdte

carbides. The growthf the medum carbide is shown iRig.29.
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Fig.29 Change in diameter versusme for medium carbide a750°C and 4GPa

Table7 Change in diameteafter 500us

Initial diameter[nm] After 500us[hm] Increase[nm] | Increase[%]
500 501.61 1.61 0.322%
250 251.78 1.78 0.712%
200 201.75 1.75 0.875%

Table8 Changan diameterafter 100 us

Initial diameter[nm] After 100 us[nm] Increase[nm] | Increase[%]
500 501.61 1.61 0.322%
250 251.78 1.78 0.712%
200 201.75 1.75 0.875%
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Carbon and chromium profiles

As shown in Fgy 30 a) and b), the chromium profilefrom DICTRAhows a small buildupt the
carbide/austenite interfacevhich causes depletion ofchromium inthe austenite matrix.

However the carbon profile doesot show anybuildupbehavior atthe interfaceof the carbide while
a small depletiorzone of the carbon withinthe austenitecould be found The depletion of the
carbon in the austeme reaches a distance of approd nm from the initial carbide/austenite

interface.

Wt.Cr CELL #1
0.10 ' : ﬂl : - :
0.06— - -+ - i m e e TERREE e TEREES -
0.04— -+ -t emeedenn e IRRPEE —
0.02 — ...._.__
0 1 | 1 | I |
@“]‘:) 244 246 248 250 252 254 256 258
Distance[nm]
wt.C CELL #1
0.07 L - - - L
0.06—f----------r-i-mcnnh . —
0_05_ ...................... t =
[0 1 e e kB I T -
0.03—F-----clrermemdoc o ibforeaderaaitoaaaadinaan, —
0_02_......Z.,....E..‘..‘Z. o
P T S SO SRR S -
0 | T 1 T I I
@‘D} 244 246 248 250 252 254 256 258
Distance[nm]

Fig.30 Chromiuma) and carbon bontent plotted versus distance frontarbide center after 100s
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CHAPTER 5

Discussion

5.1SEM

The scanning electron microscopy investigatmithe M;C carbides of the SAE 52100 through
hardened steels after hard turning revealed that there wessignificantdifference in the mean
carbide diameter near the surface compared to the bulk matefiaé deviation in volume fraction is
within the measurement errof25] in all cases except for the martensitic surfaces machined with the
lowest cutting speed where a lower volume fraction of carbidteghe top layer is found. This
indicatesthat the carbide dissolutionin these casess not controlled l temperature since the
surfacetemperature for these samples wasgell below the Aj-line. Therefore, other mechanisms
must take place at the surface during machining wittw cutting speed(30 m/min). Carbide
refinementdue to mechanical work is a possibteechanismwhich hasbeen suggested by Turley
[14]. This is also supported by the fact thakongated carbidesvere found near the surface in
samples machined with low cutting speed M5 and M6/B§. The reason whyhe lower volume
fraction is only obsemrd in the martensitic samples and not in the bainitic is not clelawever, as
shown by Hosseirgt al [22], there is also a difference in the amount of retained austenite at the
surface after hard turning of bainitic and martensitic materials. Generdléy martensitic surfaces
containing white layer had higher volume fraction of retained austenite compared to bainitic samples
machined with similar cutting conditions implying that the two microstructures react differently to
the hard turning process.

5.1.1Source of errors

There have been a number fzctors thatcan have an impact on the results during carbide analyses
such as the etching procedure, Stakklyses and finally the quantification of the carbides in the
software AxioVision.

Etching can fect the results by anisrepresentation of the microstructurdy etching the matrix to
reveal thecarbides matrix materialis removed which favors the carbide volume leading pwssible
overestimation of the volume fraction of carbidgz5).

Howevert sine this study is more concerned with registering trends within the surface layertthan
determine true volume fractiors, anoverestimation of the volume fraction dghe carbidescan be
tolerated since same errewill apply toall the samples.

The sameetching method (ORS for 30 min)was used for both martensitic and bainitic
microstructures The etching method worked very well for the bainitic sampdes not fully as
satisfying for the martensitic samples and perhaps a modification of the etching pnecéar the
martensitic would render better results.

There is a possibility that those carbides which were slightly larger than 100 nm have been affected
to the extent that they after hard turning had a diameter less than A@0and thereby they have not

37



been considered in the analyses. Despite the high magnification selected for the SEM studies,
carbides less than 100 nm where not easily observed.

As described earliethe autodetect (auto-measure) function in the image analyis software
(AxioVision Veion 4.8.2.0) couldot be applied as the contrast difference between the matrix and
the carbides wasoo low. Thereforgall images were processed manualhich can affect the final
results.

During hard turningthe surfaces will have a certain roughseshich will have an influence on the
SEMimagesand thereby on the final results regarding the volume fractiothef carbides the first 2
pm. Anexampleis given irfFig 31.

.

Fig.31Example of rough surface which caffect the volume fraction calclation.

5.2DICTRA

The very low dissolution values received from théCDRAcalculations suggest that thermal and
pressurebased diffusion kinetics is not sufficient to describe thiéferences seen irthe SEM
analy®s. The platic deformationinducedduring hard turningmay increase the carbide dissolution
rate by skearing of the austenitic phasas well ast may introducedefects and vacancies which can
act as higHdiffusivity paths[8]. The DICTRA softwaman treat this as wil, but that requires
additional investigabn of the material which was ngossibleduring this studyFurthermore the
mechanism proposed by Turldg4] for the refinement of carbides islso not considered in the
model, which can be another factor plang an important role in describing the mechanisms of
carbide dissolution

Besides the temperature effect, thepressureaddedin the OCTRA sinlations showed a de@ase in
dissolution of the carbides. Whestudying the ternary phase diagram for FerC the A-
temperature line is lowered while the As-temperature line is increasedwhen the pressure is
increased.The pressure influence on the-Ane is more significant than the influence on thelie,
resultingin a stabilization of the cementitearbides.
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The carborand chromium profiles for the high cutting speed and worn tool shedthat the short
process time of hard turning sifficient tobuild up a deposit of chroram at the interface (although
very thin) whichcould only allowa short diffusiondistance ofnot more than4 nm into the matrix.
Considering the results from DICTR¥e carbidedissolution seems to be controlled by the diffusion
of chromiumin the austenitianatrix.

The simulation results fromDICTRA simulations showdldat the largest carbideshad a higher
dissolution rate for larger carbides compared to the smaller ones, implying that the dissolutide rate
controlled by the larger carbides. Prior to the final simulations some test siingawere performed
with single carbidesThey showeda higher rate of dissoition than the cell model containing three
carbidessuggestinghat the system of carbides in our case stab#ieach other and reduces the
dissolution rate.In all simulations the three carbides either allegr or dissoved. Noneof the
simulations showd carbideshrinkage on expense of a growing carbide.

Simulationgrepresenting high cutting speed with new tool(B12) showedcarbide coarseningThis
was notexpectedbut canbe explained by widening of théeld betweenthe A; and A-line (Fg. 32)
stabilizing the carbides and even promotitigir growth. The carbon and chromium profile for this
cutting condition shows that both chromium and carbon diffeseto the carbide leaving the
surrounded matrix depleted.

4 GPa

1200 .
As-line :

EAUSTFN!TE,E\

1000 - - AUSTENITE+M23ce [ | High cutting
. . speed new

M - ——= tool

cm

FERRITE+CEMENTITE

.~ CEM+AUS+

T As-line

00

W% C

Fig.32 Phase diagram showing the pain of the cutting condition of high cutting spestand new tool.

39



CHAPTER 6

Conclusion

When investigating what effect hard turning has on the carbides it is evident that not only one
parameter such asarbidemean diameter is sufficient, insteadcombination okeveral parameters
is needed to give a full picture

9 Accordng to the DCTRAsimulations no significant dissolution of the carbides will occur
during the short process time of hard turning when only considering pressure and
temperature.

1 Elongated carbides are observed in the samples with low cutting speedamdtool. These
are believed tdhavebeen deformed during the hard turning process.

1 The SEManalysis show a limited dissolution of carbidesin the martensitic surfaces
machined with low cutting speed.

1  According to DICTRAmulatiors, an applied pressureegms to stabilize the carbides anal
lower the dissolution rate.
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CHAPTER 7

Future work & Recommendations

To be able to do more accurate simulations and to evaluate the resudtee information about the
chemical composition of the carbides and tterbon and chromiunprofiles are neededoth before
and afterhard turning This could be done by the means of STEM.

Alsqg to be able to refine the simulation modely introducing effects from the plastic deformation

such as shearing of the austeniticgde and increased diffusivity along defects and vacancies
information aboutthe dislocation desity in both the studiednicrostructures isieeded.
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Appendix A

Appendix A
750°C 1atm

DICTRA (2012-05-04:10.18.34) :750 Ce 1 atm
TIME = 1E-04
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DICTRA (2012-05-04:10.17.55) : 750 Co 1 atm
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Appendix A

DICTRA (2012-05-04:10.19.16) :750 Co 1 atm
UPPER INTERFACE OF REGION "CARB#1"

500.4

500.3

500.2—

500.1 —

500.0 —

4999 — -

FUNCTION DIAIVH

19:16.31 output by user ricdahla from MATO4G
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TIME

DICTRA (2012-05-04:10.20.59) :750 C2 1 atm

UPPER INTERFACE OF REGION "CARB#2"
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25015
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FUNCTION DIAM2
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Appendix A

DICTRA (2012-05-04:10.22.51) :750 Co 1 atm
UPPER INTERFACE OF REGION "CARB#3"

200.15

200.10
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200.00—

FUNCTION DIAM3
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'
........... S S
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TIME

750°C 1 GPa

DICTRA (2012-05-04:10.24.04) :750 C2 1 GPa
TIME = 1E-04
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Appendix A

WC)

FUNCTION DIAIVH

=

DICTRA (2012-05-04:10.24.47) :750 Co 1 GPa
TIME = 1E-04
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DICTRA (2012-05-04:10.27.02) :750 C2 1 GPa
UPPER INTERFACE OF REGION "CARB#1"
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Appendix A

DICTRA (2012-05-04:10.27.43) :750 C2 1 GPa
UPPER INTERFACE OF REGION "CARB#2"
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250.26 —————ul— ol ol
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25045~ - e e Lo ----------- -
250.10

250.05—

FUNCTION DIAM2
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DICTRA (2012-05-04:10.28.13) :750 C2 1 GPa
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Appendix A

750°C 4 GPa

DICTRA (2012-05-04:10.30.24) :750 Co 4 GPa
TIME = 1E-04
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Appendix A

DICTRA (2012-05-04:10.32.26) :750 Co 4 GPa
UPPER INTERFACE OF REGION "CARB#1"
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FUNCTION DIAIVH
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DICTRA (2012-05-04:10.33.20) :750 C2 4 GPa
UPPER INTERFACE OF REGION "CARB#2"
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FUNCTION DIAM2
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2012-05-04 10:33:20.34 output by user ricdahla from MATO4D



Appendix A

DICTRA (2012-05-04:10.34.12) :750 Co 4 GPa
UPPER INTERFACE OF REGION "CARB#3"
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Appendix A

DICTRA (2012-05-03:14.31.28) :
TIME = 1E-04
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DICTRA (2012-05-03:14.32.33) :
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Appendix A

FUNCTION DIAM2

FUNCTION DIAM3

DICTRA (2012-05-03:14.33.53) :

UPPER INTERFACE OF REGION "CARB#2"

25012
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DICTRA (2012-05-03:14.34.47) :

UPPER INTERFACE OF REGION "CARB#3"
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200.00— - ee RS B R R

199.95—----------- e [EEREEEEEEE e
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output by user ricdahly from MATOAD

05-03 14:33:53.02
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47.23 outpub by uger ricdahla from MATOAD
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Appendix A

800°C 1 GPa

DICTRA (2012-05-04:09.48.15) :800 C2 1 GPa

TIME = 1E-04
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DICTRA (2012-05-04:09.49.01) :800 C2 1 GPa
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CELL #1

5.08 output by user ricdahla from MATO4D
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Appendix A

DICTRA (2012-05-04:09.50.02) :800 C2 1 GPa

UPPER INTERFACE OF REGION "CARB#1"

500.3

500.2

500.1

500.0

FUNCTION DIAIVH
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TIME

DICTRA (2012-05-04:09.51.37) :800 C2 1 GPa

UPPER INTERFACE OF REGION "CARB#2"
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FUNCTION DIAM2
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56 output by user ricdahly from MATOAD
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19:51:37. 61 output by user ricdahla from MATO4D




Appendix A

DICTRA (2012-05-04:09.51.37) :800 C2 1 GPa
UPPER INTERFACE OF REGION "CARB#2"

CELL #2

250'15 1 1 IIIIII' 1 1 IIII\I! 1 - IIIII! 1 11 1uil
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250.05— - ee R b e -

25000—¢---------- et terrmmem e —

FUNCTION DIAM2
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<D 10 10° 10° 10 001

TIME

2012-05-08 09:51:37.61 output by user ricdahla from MATO4D

800°C 4 GPa

DICTRA (2012-05-04:09.55.21) :800 Co 4 GPa
TIME = 1E-04
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Appendix A

DICTRA (2012-05-04:09.56.12) :800 Co 4 GPa
TIME = 1E-04
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DICTRA (2012-05-04:09.58.25) :800 Co 4 GPa
UPPER INTERFACE OF REGION "CARB#1"
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Appendix A

DICTRA (2012-05-04:10.00.09) :800 C2 4 GPa
UPPER INTERFACE OF REGION "CARB#2"

CELL #2

251.4 e ——
251.2
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FUNCTION DIAM2

250.0 T

<D 10 10° 10° 10 001

TIME

2012-05-04 10:00:09.07 output by user ricdahla from MATO4D

DICTRA (2012-05-04:10.06.00) :800 Co 4 GPa
UPPER INTERFACE OF REGION "CARB#3"
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FUNCTION DIAM3
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Appendix A

900°C 1 atm
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DICTRA (2012-05-04:09.26.06) :900 Cg 1 atm
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DICTRA (2012-05-04:09.27.18) :900 Cg2 1 atm
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Appendix A

DICTRA (2012-05-04:09.28.14) :900 Cg2 1 atm

UPPER INTERFACE OF REGION "CARB#1"

499.85 [ ||||||' 1 |III\I! TR |||||!

499.80

499.75

499.70 —

FUNCTION DIAMH
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DICTRA (2012-05-04:09.28.57) :900 Cg 1 atm
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2012-05-04 09:20:14.31 output by user ricdahla from MATO4G

57,74 output by user ricdahly from MATOAG



Appendix A

DICTRA (2012-05-04:09.30.01) :900 Cg2 1 atm
UPPER INTERFACE OF REGION "CARB#3"
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FUNCTION DIAM3
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DICTRA (2012-05-04:09.33.19) :900 Cg2 1 atm
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output by user ricdahlg from MATO4D
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Appendix A

DICTRA (2012-05-04:09.33.47) :900 Cg2 1 atm
TIME = 1E-04
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DICTRA (2012-05-04:09.34.27) :900 Cg2 1 atm
UPPER INTERFACE OF REGION "CARB#1"
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FUNCTION DIAIVH
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2012-05-04 09:33:47.14 output by user ricdahla from MATO4G

19:34:27.30 outpul by user ricdahla from MATO4D




Appendix A

DICTRA (2012-05-04:09.35.02) :900 Cg2 1 atm

UPPER INTERFACE OF REGION "CARB#2"
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DICTRA (2012-05-04:09.35.51) :900 Cg2 1 atm
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FUNCTION DIAM3
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Appendix A

900°C 4 GPa

DICTRA (2012-05-04:09.39.24) :900 Co 4 GPa
TIME = 1E-04
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