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Tiivistelméa

Dynaaminen myo6tévanheneminen on deformaation aikana tapahtuvaa ominaisuuksien
muuttumista, jonka ilmeneminen ja vaikutukset riippuvat [& mpétilasta ja muodonmuu-
tosnopeudesta. Nykykasitys ilmion fy sikaalisesta perustasta on metalliin liuenneiden
seosaineiden ja dislokaatioiden vélisessavuorovaikutuksessa. Dislokaatiot etenevat kide-
rakenteessa jaksottain, termisen varahtelyn auttaessa ohittamaan kidevirheet. Seosai-
neatomien kyky lievittda dislokaation aiheuttamia jannityksia saa aikaan diffusio vuon
dislokaatioita kohti. Riittavan pitkéaksi ajaksi virheelle pysahtynyt dislokaatio voi rikastua
seosaineatomeista siind maarin, etta se jaa pysyvastiikkumattomaksi. Seosaineiden dif-
fuusio on lampdtilariippuvaista, dislokaatioiden liikejakson aika on muodonmuutosno-
peusriippuvaista, ja dynaaminen myodtévanheneminen havaitaan, kun diffuusio on ver-
rattavissa jaksonaikaan. Paikalleen lukittuneiden dislok aatioiden seurauksena metallin
lujuus kasvaa, mutta sitkeys saattaa madaltua tuntuvasti. Vakiintunut kaytantd ilmion
tutkimiseksi kasittdd vetokokeiden tekemista eri venymanopeuksilla ja lampétiloilla.
Tyo6ssa tutkittiin  pallografiittivaluraudan mekaanisia ominaisuuksia vetokokeilla, joista
osa tehtiin siten, ettd koesauvan pituussuunnassa oli [ampdtilagradientti. Koesauvojen
venymat mitattiin dig itaalisella kuvakorrelaatiolla, mahdollistaen paikallisten venymien
mittamisen koesauvan kaikista osista. Lampdétilagradientti ja taysi venymadata mahdol-
listivat jannitys-venyma relaation tallentamisen useasta eri lampoétilasta samassa ko-
keessa. Menetelmén kayttokelpoisuutta arvioitiin materiaaliominaisuuksien karakteri-
soinnissa epahomogeenisen deformaation ja lampétilagradientin vallitessa. Muodon-
muutosnauhojen havaittiin etenevan niiden ydintymiselle otollisilta alueilta koesauvan
sellaisiin osiin, joissa deformaatio oli tasaisen lampdétilan olosuhteissa homogeenista.
Lampdotilagradientti koesauvassa ei siis ndiden tutkimusten perusteella sovellu Portevin-
Le Chatelier ilmion kvantifiointiin. Muodonmuutosnauhojen olemassaololla ei kuiten-
kaan havaittu olevan suurta vaikutusta tutkitun materiaalin muokkauslujittumiskayttay-
tymiseen, jos sita tarkasteltiin sovituksena Ramberg-Osgood yhtaloon.

Avainsanat Dynaaminen myodtdvanheneminen, digitaalinen kuvakorrelaatio
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Abstract

A number of metalsudfer from dynamic strain aging, a phenomenon taking place during pl
deformation at a favourable combination of temperature and strain rate. Dynamic strain a
canresult in serious embrittlemeniThe changes in deformation behavior are attributecdy-
namic effects between temperature controlled solute segregation to dislocations and strai
rate controlled dislocation velocities. Typical effects for ferrous alloys are increased flow ¢
decreased ductility and the Portevire Chatelier effect.iie usual experimental technique for
studying dynamic strain aging comprise tensile tests at different constant strain rates and
peratures, resulting in numerous specimens to be tested. Applicability of a novel experim
technique was scrutinized. &rmperature gradient was introduced to tensile specimens, an
strains were recorded in fufleld with digital image correlatiolest results were analyzevdth
help of computer programmingd.oad fluctuations during the constant strain rate tests were
confirmed to appear simultaneously with moving deformation bands, resulting in so called
rated yielding. Reference specimens tested at uniform temperatures showed significant s
before onset of serrationddowever, m presence btemperature gradientdeformation bands
nucleated at high temperature area of the specimen and propagated into areas of lower t
perature, where banding was not observed at uniform temperature conditions of referenci
tests. Results indicated that the tempéunge gradient test an not be directly used fateter-
mining the domain of temperatures and strain rates where the Portee@Chatelier effect oc-
curs. However, mechanical propertiéisl not showadiscrete changewith transitionsin to or
out from the PortevinLe Chatelier dmain. The possibilities offered by fiikld strain
measurents were exploreldy quantifyingmaterial behaviotocally. Strain rate sensitivity of
flow stress and workardening under different strain rates and temperatures was analysec
qualitatively andquantitatively.Locally observed material behavior was found to differ cons
erably fromspecimenwide behaviorHowever, number of specimens tested was small relat
to scatter in resulting quantities, and the method requifegher studies for concluse results.

Keywords Dynamic strain aging, digital image correlation, ductile cast iron
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1 I ntroducti on

Good castabilityof cast irons iglue totheir high carbon content allowing relatively low

melt temperatures and contributing to increasett fluidity. Carbon howeer, musipre-

cipitate aggraphite during solidificatioandfurther cooling. A volume increase resulting

from the precipitation compensates &hrinkage associated with solidificatidarther
improving castability by dss complex mold shrinkag@empensatig arrangements.
However, the shapef carbon precipitates planar, or flaky, unless special shape con-
trolling measures are taken. The graphite phase has a low contribution to strength due to
graphit eds ahdowwak bonding bf the graphiten interface Therefore, a
network of flakeshaped precipitates alloaneasypath forcrack propagatiarrendering

flaky graphitec ast i rondés toughness very | ow

In ductile cast iron, carbois arrangedo occur as gherical precipitatesSphere is the
least harmful shape for a ndoad bearing second phase. As a result, ductile cast iron can
have considerable dulity and toughness, like mild steefSonsidering its good castabil-

ity, mechanical propertieand the neanetshapepropertyof casting as a anufacturing
method in the first place, ductile cast iron is an economical material for cost@ed
objects that must have ductilimd toughness

Precise control over the size distribution and morphology of the graphite precipitates, or
nodules as #y ae called, throughout all conditiorxisting incastingpracticeis not
reasonablevarying cooling rates due to varying section sizause nodule size distribu-
tions to vary within an individual castingurthermore, thalloying elements responsible
for graphité® sphericakhape decagver time, and not all melts gpeuredright after the
nodularization treatment. Therefore, varying pour waiting tiocssse varyig graphite
nodule morphologieAdditionally, the characteristics of metal scrap afa# for an in-
dividual foundry affects some mperties of the ferrous matriiven furtherthe ferritic
matrix d ductile cast iroomakes its propertigseavly temperatureand deformatiosrate
dependenitConsidering all thisthe range of relevamateral, environmental and loading
conditions iswide.

Scientific material chaacterization as well as-foundry quality controlof ductile cast

iron requires testing specimens at rallevant conditionsThe amount of testinpr a
demanding applicatiooaneasily grow unpractical. This thesgidies the possibility of
measuringa range ofconditiors within a single test event. Thdea is to introduce a
temperaturggradent to a test specimemeasure the maanical responsm full-field
during imposed dermation, and later coupleghocal mechanical behavior with the cor-
responding temperaturéest results are then obtained for multiple temperatures at once.

The validity of result®btained by the described methischot selfevident For example,
loadserrations during serratgeelding are experienced by all parts of the speciraeen
though not all partef it have mataal conditions prone tguch behaviorlt is unclear
how the load fluctuations affestsponse of material not causingHtrther,somedefor-
mation instabilitiesare spatially coupled with their surroundingad the stability of ap-
parently stable neighboring material near the instable material ssramhtforward.



2 Theoretical background
2.1 Metal p lasticity

2.1.1 The metal bond

Solid matte consists of atoms bonded together. Usually four types of interatomic bonding
are recognized: metallic bonding, covalent bonding, ionic ingnénd van der Waals
bonding.Strong bonds between alike atoms are covalent bonds or metallic Pamels.
covalen bonding is often found in gas moldes such as the hydrogemleale O,

which has one single covalent bond between two hydrogen atoms. The covalent bonds
are exclusively between the atoms involveiétallic bonding is a bit different. While in
covalent bonding the sharing of electronsarly between atoms comprisingrelecule,

in metallic bondingelectrons are shared by all of the atoms preségiial atomsan have

bonds withany other metal atoms nearayailable Metal bonding isaptly characterized

by Wikipedia(2016) fit is not correct to speak of a single metallic bond

Metal atoms have a strg desire to arrange themselves in a periodically ordered manner,
into a crystal latticeThe crystal structureanalsoaccommodate smaller atoms between
the metal atoms, igo caled interstitial places

2.1.2 Dislocations

Toughness is defined as the energy a material can bind in plastic deformation. It is a
product of strength and ductility. In general, metals have a good catiairof strength

and ductility. Metals owe their good tdugess tdhe nature of metallic bonding that al-
lows permanent deformatiomithout irreversibly breaking atomic bonding. Bulk defor-
mation of a metal body is in practicealized with help of dislocations. Thaye areas of

local disorder thatmove throughhe crystal structureMore precisky, dislocations are

line defects of therderedcrystal structure that separate th@séd region from the un-
slipped.Dislocations are divided intavb elemental types: the edge dislocatiand the

saew dislocationReal dislocationshowever,are notalwayspureedgeor screwdislo-
cations. They cahavecomponents of both

Dislocations entail an eltas distortion field in the surroundingrystal structureDue to
different characteristicof screw and edgdislocations theyhave differentdistortion
field characteristicsThe screw dislocation hagmostpure shear distortions atfie edge
dislocation hasnore complex distortion&Smallman, Ngan 2014, p. 130)

Dislocation density is usually reported thetotal length of all dislocationsiiaunit vol-
ume of material,%: m 2. Typical dislocation density values are in the range of

10'° - 10*m? (Smallman, Ngan 2014, p. 121)

An exact definition of the dislocation is given with the helBal r g @rcuid andthe

B u r gweaodcksing it(Hull, Bacon 2011, p.16) Bur g e cad be deseribedlso r
ameasure ofocal lattice displacementaused by aislocation Although it is termed a
vector, itis often use@sa scalafor relating deformatiofrelated quantitiewith the total
number of dislocationsThe Orowan equatiokil) relates shear strain rate’ ] with
Bur ger 6[s], mobile disbocation densitym ?] and average dislocation velocity
[m/9].



g=Dbrv @)

The stress needed to w®a dislocatiovaries Dislocations that readily mowae called
mobile, or glissile dislocations. The ones that easily moveare termedmmobile, or
sessile dislocation#ncreasing deformation tends to leave an increasing numbeo-of
bile and immobe dislocations behindExisting dislocations mobile or immobilethen
make it more difficult for tb mobile ones to move. This is observed as increasing re-
sistance to further deformation, a phenomenon cattath hardening.

2.1.3 Diffusion

Diffusion in thecrystal lattice can be desceith as random walk of atoms thiasuls in
net transport of atontswards any loweconcentration of diffusing species.

Interstitial solutesan jump between adjacent intersticesn otherwise perfect lattice
and thereaftemove longer distances in the crystal struct@ubstitutional solute atoms
on the other hand occupy the same lattice places as solvent atortise andstitutional
solute and any solveate unlikelyto change placed hereforepulk diffusion of substi-
tutionalatomstakesplace by the solute jumping to ampty lattice site nearby, called a
lattice vacancyVacancy concentration is strongly temperature dependent.

Basic aspects ofiffusionarequ ant i f i e @rsthlaw df diffudion(2),k 6 s
dc
J=-D— 2
dx 2
where J is the diffusion flux (humber of atoms diffusing through unit area in unit time) [

m?s'], S—C is concentration gradiemh x direction[m™*], and D is a constant called
X

diffusion coefficient jn’s™*]. The diffusion coefficient is dependent mmperature and
concentratior(Smallman, Ngan 2014pnd is not easily quéfied analytically In that
sensd?2) is not very usefuin other than demonstrating the units associated with diffusion.

Fi c Kiaw of @iffusionstates that theate ofconcentratiorthangeof diffusing species
is proporticmal to the rate of change of the concentration gradient.

—=—a)——0 3

dt dxg dx= )
where t is time and other quantities a¢dnF i ¢ K9aw hag an interdisg implication
strain agingwise, presented in equatidB). The diffusion coefficient D, dependent

mostly on temperature, can be used to estimate the distance that an atom will travel during
time t.

x =~/Dt 4)

where x israveldistancefor anaverage tom. (Smallman, Ngan 2014, chapter 7)



2.2 Strain aging

2.2.1 Introduct ion

In the broadest sense, strain aging geteranysituation in whit aging followsplastic
deformation Yet in mostcasesit results from interactions of solute atoms with disloca-
tions Strain agng occurs when solute atoms are present, and they have sufficient diffu-
sivity comparable dislocatienmovementTime and temperature atieus the important
determinant®f strain aging. Temperature has a strong infageon diffusion of solutes,

on binding energies of soluteas well ason movement of disloations so that ate of
aging increaes wih increasing temperature. The role of time can have twaimgs
depending on theate of aging. Ithe rateis slow, and agingccursclearly after defor-
mation, the process is termed static strain agd®8A). Theextent of SSAncreases with
amount oftime passedafter deformationHowever if rate of aging is relativelyigh,
aging caroccursimultaneously with deformation. Then time has no similar meaning as
in SSA. Rathertime corresponds tilne rate of deformatio hisis called dynamic strain
aging(DSA), where deformatioratecan be compareib time betwee loading and re-
loading in SSA.

There is twamicrostructural phenoana associated with DSthat expain the basis for
resulting material behavioFirstly, solute atoms can redutiee elastic strai energy as-
sociated withattice distortionscaused bylislocations This allows the crystal structure
to reach a lower energy lev8lecontly, increased concentratiaf solute atomsatdislo-
cation cors increas¢he stress needed to mavedislocatiors. DSA is thought to occur
when dislocation velocity is similar to solute diffusivity.

The subject of strain aging is wide, including all tiemel deformatiomlependent effects
on material properties¥Vhereas there are ways around the problems caused®hPS3
is not easily avoided inonditions that promoti. Therest of this thesis deals onhjth
DSA.

2.2.2 Macroscopic manifestations

Loss of ductility is typical to metdahat hasexperienced DSAOne of thesarliestobser-
vationsof suchrelates tcsteel erbrrittlement following mechanical work at intermediate
temperatures. Coinedue brittlenessthe blue referring to tempering colad steel the
phenomenon has beanted as early as 188&eh, Nakada et al.968, p. 382)Whereas
yield stresss not usually affected, DSA manifests itself in further deformation, including
strain hardeningdfracture toughnesseduction of area, and appearance of fracture sur-
faces.

A tensile tesdone with constant deformatioate shows the most striking embodiment

of DSA:irregularity of thestressstrain curvecaused by abrupt changes in the lbadr-

ing capacity of the specimemhe irregularities are oftene f er r ed t o as #fs
somet i mes 0j e redt Xppdrdntly there is asliglat huanoe oftimseaning, jerky
flow referring tofine oscillations around mean value and serratiorsferringto more
dramatic load drops and ris@3aillard 2016)Yield behavior habeencategorized based

on appearance of the serratioeBpwnin Figure 1. Interpretations of the underlying
mechanisrafor different type of serrations hagso beermgiven.(Rodriguez 1984)



It is important to note that DSA includes but is not limited to serrated yielding. Mechan-
ical properties and flow Heavior do showa transitionnear DSAinflicting conditions
even in dsence of serrated yielding

STRESS O

B
A
‘J'JC:C

Figure 1. Classfication of DSA behavior based of serration appearancéRodriguez 1984)

STRAIN €

Increasedvork-hardening ioftenmentioned asne ofthe mosimportant embodiments
of DSA, clearly evident in stresstrain curve®f Figure2.
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Figure 2. Stressstrain curves d low-carbon steel in different temperatures. Workhardening in-
creases with increasing temperature, and stays high even in higher temperatures where serrations
do not exist.

2.2.3 Microscopic argumentation

Good agreement on timeicroscopiadetails of dynamic strain agirgf ferrous alloyshas
notyetbeen reacheMulford, Kocks 1979, Caillard 2016) his sectionntroduces some
of the ideas and models presented so far.

Cottrell and Bilby(1949)were the first to presentquantitativeatomisticmodelfor in-
teractions of solutes with dislocatigresxplaining some of theffects of strain aging
Simply put, their modelvas based orthe idea of interstitial solutes relieviralastic
stresses caused by dislocati@ading tancreasecequilibriumconcentratiormrounddis-
locations. Time dependent strength effects were atéibto thekinetics of so called
ACot t r el lofoenatiomareymddéslocationd.heir papefocused on irofcarbon
system, and it addressed many$ibgl phenomena relevant for solutkslocation aging.
A simplification was made to omit the tetragdmature of distortionsaused by &rbon
in ferrite, so that the model consideredly hydrostaticstresses athe edge dislocation
They formulatedn expressiofor interaction energyf carbon atom withraedgedislo-
cation Based on this,qeiilibrium cncentratiorof carbonat dislocatios was calculated
for a dilute solutionarriving atone carbon atom per lengifise atom plandocated jus
below the dislocation center.nfestimate was given of theess needed toull a dslo-
cationfrom its atmoshere.Further, tensile yield strength was calculatédwever, this
estimate include@ term for the carbon atenow distancerom the dislocation center.
Due to their interaction energy being expressed as a function of distance from dislocation
center, ad the estimated distance of carbon atoms also depending on that, the resulting
quantities from this expression varied dramatically as the distance approached zero.
Thereforethe model was unable to predtbe interaction energy near the dislocation
cente. A more realistic view of the nature of that interaction energy is preseriaglire
3. The central part of the atmosphere likely has strongest effect on dislocation mobility,
and thereforéghe formulation failed to giveconsstentestimates ofjield strength with
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respect teexperimental values he paper of Cottrell and Bijbdid, however, present a
formulation of the temperature dependence of yield strengttodbe atmospheres, and
it was qualitatively consistentith expeimental valuesThey also ppposeda detailed
theory on the kinetics of atmosphere formatiodilute solutionghat corresponded well
with experimentalalues Although the early work of Catll did not address DSA, it
laid grounds for later work conceeng all dislocatiorsolute interactions.

Distance R

ENERGY @

/ *
7“Corz region

!
!
u

Figure 3. Schematic representation of @location-solute atom interaction energywith respect to
distance from dislocation line.(Baird 1963, p. 368)

The sol ubi | i-iforyisverylowdess tham000005wto%lin room temperature
(Honeycombe, Bhadeshia 1995, p.Wywever, supersaturation is not uncommaoaliat
The amount of fee carbon in solution depends on thermal history and carbide fprmin
characteristics of the alloy. Neverthelessitg low interstitial concentrations are suffi-
cient to cause strain aginigor example, a carbon concentration of 0,000001 wt% is suf-
ficient to providethe Cottrelfequilibrium,one carbon atom per dislocation atom plane at

a dislocation density af0*?m? (Honeycombe, Bhadeshia 1995, p..18)

Nitrogen has higér solubility in ferrite than carbonlts DSA-effectscan be strongehan
carbor® .However, nitrogen is not an essential element of ferrous atidie same way
as carbon is. In current stambking practicesstrong nitride forming elements such as
aluminum can be addddr removing the strain aging potential of nitrogélawever,
when nitrogen is in solution, it determines the rate and extent of natural iagirgging

at room temperature.

Substitutonal solutes magn the other hanohcrease the effects afterstitials onstrain
aging.At least manganese has been found to intensify the-&ff&&ts of nitrogeriBaird
1963, p. 330, 445ns can be seen frdagure4. Effect ofmanganese on 10% proof stress
of interstitialirons Alloy compositions F®,12C, Fe1lMn-0,12C,Fe-0,009N, FelMn-
0,009N, and FAMn. Note how FeMn-N has three separate hardening peéRaird
1963, p. 445)Aging synergies between silicon and carbon have been ptovexist
(Ruiz, RiveraTovar et al. 2006)albeit the effects are not as striking as what they are for
nitrogen and manganese.
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Figure 4. Effect of manganese on 10% proof stressf interstitial irons. Alloy compositions Fe
0,12C, FelMn-0,12C,Fe-0,009N, Fe1lMn-0,009N, and FelMn. Note how FeMn-N has three sepa-
rate hardening peaks.(Baird 1963, p. 445)

Portevin and_e Chatelier studied serrateéelgling over a century ago, and sintteen,
DSA-induced serrated yieldingas been callethe PortevinLe Chatelier effect, or PLC
effect in shortDSA waslateradoptel for refering to the same osimilar effects perhaps
because of similaritieund wih yield point behavior andtatic strain aging

Baird (1963)scrutinized all aspects of strain aging in his comprehensive series of papers.
He proposed that the loss of ductility from DSA resulted from solutesathifiusing to
temporarily arrested dislocations, permanently locking them immobile. The load serra-
tions he attributed t o ctyedeformaidbmasdtimove-s an
ment.

The grain boundgrplays a role in strain agin@rain boundaes undoubtedly havat-
tractive sites for solute atom#\t least three mechanisms of grain bounddfgats on
strain agingcan be thoughtirstly, grain boundary segregation lowers the solute content
available for dislocationsear the grain boundargecondly,for magoscopic yielding to
occur, dislocation glide must go over grain boundari@ss applies for initial yielding as
well as forfurther plasticity.It is very likely for a strain aging material to have time,
solute concentratigrand strain dgendent effects on how dislocation pilps create
stress states at grain boundaries that generate new dislocations in the adjacent grain.
Thirdly, grain size correlates with the distance an individual dislocation m@wessid-
ering that plastic strain cdre expressed as a function of average dislocation tf@yvel
(Sinha 1989, p. 58yecreasing grain sizecreases the number @iklocations necessary
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for unit deformationEquation(5)st at es t hat shear strain ec
tor, dislocation density and average slip dista@@in boundaries of ductile cast iron
will be addressed in chapt2r3.2

g=brL® (5)

The HallPetchequation(6) relates grain size to yield strengBrain boundaries are more
effective indelayinginitial yielding thanin contributing tostrength atr onset of plstic-
ity.

1

5,°5S,+k,d 2 ©6)

y

Strongly grain boundary hardened material strain hardens less than a material with larger
grain size.This should be considered experimental studiesf DSA so that the strain
hardeningeffect from grain size can be told apart fr@@8A-effects.According to the
previously presented idea that dislocation average glide distance is approximately grain
size and equatiofb), finer grain sized materials should hawvgher dislocation density.
Figure5 graphs strain hardening power law exponent values for two different grain sizes.
The difference between grain sizes is clear, but in DSAperatures it narrows down.

This may be attributed tdné higher number of dislocations available for solutes to im-
mobilize.
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Figure 5. Strain hardening as a function of temperature for twograin sizes.Material is iron contain-
ing 0,003 at% N, 0,004 at% C, and a total of approximatel®,03 at% substitutional solutes(Dingley,
McLean 1967)

The yield point phenomencand DSA have common featuiaderrous alloys. Both re-
sult from interstitial soluteaffecting mobility of dislocationgdowever,no good agree-



ment has been reached on whether it is new dislocations or mobilization of existing dis-
locations that enables plasticity after agifggure 6 graphs stresstrain behavior of
0,06% C iron after solution treatment atitferent ageing times. Although the pasie-

i ng curves converge to t Isdheloweaypek diressint v e
creags with increasing ageing time, indicating the persistence of the strengthening effect
of pinned dislocations. Thisupports the idea of (for data &fgure 6) mostimmobile
dislocations staypgimmobile anddislocation multiplication beinthe mechanism fdhe

bulk of postageing plasticity.
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Figure 6. Return of yield point after aging at 60°C. Iron containing 0,06% C, quenched from 720

°C. (Berns, Theisen 2008, p. 130)

While it is generally approved that interstitial solutes are the cause forpgeltbehav-

ior, anexception exists that demonstrates the importance of grain boundaries in DSA and
yield point phenomena. Akama et @014)studied interstitiafree iron with nickel con-

tents between 1% and 3%hey measured agingdexes for the materials to rule out any
return of the yield point after deformation and ageiand &atic strain aging was not
observed. Howevethe 2% and 3% Ni alloyed irons showed clear yield point behavior,
increasing with increasinji-content. Itwas also foundhat Ni had seggated to the

grain boundaries. It was concluded that the presehicgerstitial solutes is nan abso-

lutely necessaryequisite of yeld point behavior.

The ideaof solutes diffusing to temporarily arrested dislocatitrs$ proposed by Baird

(1963, p. 453)However, it was McCormick (1972) who created a quantitative model
describing A of substitutional solutions. The model is often referred to as stace
waitingtheoryMc Cor mi ckds model was algngandyelde t o
point behavioi maj or shor t comi ngThe timé av&lable for sellitd 6 s
diffusion todislocations is a charerizing quantity of the model. Accordingly, the ®L

effect is assumed to occur when time available for diffusion equals the dislocation waiting
time.
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Increasedvork-hardeningduring DSA has been attributed to more rapidly increasing dis-
location densityThe reasoning behind this is that when dislocateking by solutes is
active, new dislocations are born in order for deformation to continue. Therefore, the
rapid accumulation of immobile dislocatioms responsible for the higher weharden-

ing. Keh, et al. (1968) studied the effects of DSA on dislocation structure and density.
Some of their results are presenteérigure7 andFigure8.
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Figure 7. Shear stressstrain curves and dislocation structures after deformation at 25 °C and 200
°C. 0,035% C steel(Keh, Nakada et al. 1968)
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serrated yielding, deformation at 250 °C did not. Neverthelesshe unserrated yielding at 250 °C did
have almost as high dislocation density as the specimen after serrated yieldifieh, Nakada et al.
1968)

2.2.4 Phenomenology

Serrated yieldingjerky flow, or the PLC effect,are the weltknown embodiments of
DSA. The transitios between them antbmogenous deformatiatcurovera relatively
narrow transition aeain temperature andtrain rate. Considerinthat the interactions
between dislocations and solutes are mostly determipesblote diffusionan incan-
sistency between the narreransitionandcontinuous nature of diffusiazannot be omit-
ted Howeverthe embodiments of DSWith respect to the microscopic proceskase
been rationalizeduite well, and this rationale will now lgscussedhn this chapter.

Figure9 presents serrategelding domain for 0,003%C stedlhe tempeature is pre-
sented aseciprocal and the strain rageplotted in logscale. The transitioronesetween
serrated and unsated yieldingappear as straighine-type areasThe linearity can be
attributed to choice of axes asdalesand anunderlyingprocess following an Arrhenius
relation(7),

k = Ae &/(RD (7)
¢= ate ?/RD (8)
In #=1In & - Q/(RT) )

where k is aate coefficient, A is frequency factor, R is the universal gas constant, T is
absolute temperature, afd is activation energyO is often interpreted as the minimum
energy that must be available for a reaction to proceed. The mathematical tractability of
an Arrheniustype equation allows to calculate the activation energy from experimental
data wthout having to knowthe preexponent termequation(8) has the Arrheniurm,

but the quantities are suitable for strain rate and temperature dependent flow. Natural
logarithms taken of equatidi®) results in equatioii9), clarifying the previously men-
tionedlinearity. It is usual foDSA-relatedexperimental work on interstitial solutions to
have the Arrheniusype activation energy calculated for onset of serrations, amd co
pared to activation energy of their interstitial diffusion. These two activation enargies
often found to be similaHowever details of the physical processes resile for this
similarity is nevelpresented.
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Figure 9. Domain of serrated flow in0,03% C steel, quenched from 250 °GKeh, Nakada et al.
1968)

In addition to the domain in the temperatsteain rate spacd,is usual for the serrations
to appear only after some plas$itain often refered to as the dical strain. It is the
point instressstrain curve wherserratedsielding beginsas inFigurel for exampleFor
interstitial solutions thertical strain may be very lowr zero Substituional solutions
on the other handsually have noizero critical strainThe dfect of temperature and
strain rate on critical strain of substitutional solutions is presentédune10 (Rodriguez
1984, p. 656)

log EC

T,>T,

log €
Figure 10. Schematic relation between critical strain andstrain rate and temperature.

Penning(1972)examinediscontinuous yielding from a completagntinuum mechan-
ical pointof-view. He proved mathematically that native SRSof flow stresscan ex-
plain discontinuous yieldingzigurel1lillustratesP e n n i n @fonegativedsean rate
sensitivity resulting from a local mamum instressstrain rate relationThe relation was
considered as being amtrinsic material characteristic for certain temperatures and ma-
terial conditionsleading tahe PLC-effect The reasoning for the PL-€ffectis that, once
rising stress reachgmint A, the strain rate must make a jump to point C. Respectively,
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decreasing strain rate must jump from point B tmpD. According to this model, local
strain ratecannot have valudsetween- and- . However, the average strain rate for
some material volume can have values betweemnd- . It is noteworthy that no strain
hardening takes place when moving from point C to B.
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Figure 11. Schemdic representation of stressstrain rate relation including negative SRS(Estrin,
Kubin 1995).

Mulford and Kockg1979)proposed thatvork-hardening is a major contributor $train

rate sensitivity of flow stress during DSA, and that this contribution has a negative strain
rate sensitivity already at low strains. The key idea wastlgatotal SRS would turn
negative, angerky flow would begin once thenegativework-harderng contribution
would dominge over all other flow stressontributors. Thisheoryalsochallenged the

idea of a minimum vacay concentration needed foritical strainof substitutional so-
lutions,

The importanceof strain rate sensitivity of workardening hadeen aterexplored at

least byLiemptand Sietsm#2011) who also concluded thatsimple representation of
SRSofflowstressi o e s n 6t  dibcantiruaus yeeldingonepletely They pointed
outthe distinction between instantaneous steddystate strain rate sensitivity, or direct
and indirect rate sensitivity according to their own terminology. Theydribtg the in-
stantaneous, or direct SRS results from flow stress associated with theaxotiadyed

flow, whereas the steaebtate, or indirect SRS is associated with wieakdeningDuring

or after a strain rate transient, the effect of indirect SRS comes significant only with con-
tinuing deformation.

The nstant strain rate sensitivibas ben found to balways positivéBenallal, Berstad

et al. 2006, Estrin, Ling et al. 1991)he transient period betweenstantaneous and
steadystatestrainrate sensitivitys illustrated inFigurel12.
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The SRSof flow stress in different regimes is comprehensively summarized in an illus-
tration drawn byMulford and Kockg1979) Figurel3.
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Figure 13. Schematicdiagram showing different regimes of DSA.The circled annotations indicate
strain rate sensitivity of work-hardening.
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2.3 Ductile castiro n

2.3.1 The ductile castiron family

Ductile cast iron (DCI) is not a single materiRiather, it isa family of materials.DCI
mechanicaproperties varyvera wide range, comparably steelsMost ductile grades

have elongationsp to 22%, and strongest grades have tensile strength over 1000 MPa.
However,the graphite phase has relatively kngplume fraction, ranging between 7%

and 15% ThereforeDCIs have | ower densi thgn staetshe Yo u n
graphite phasalso ncreaseslampingcapacity of mechanical vibrations. DGlan be

alloyed tohave goocatorrosion resistance as wellasstenitic microstructure. Heat treat-

able grades also exist, austempered ductile(d@) being the most imponta

2.3.2 Microstructure and me chanical properties of ferritic DCI

Bulk of theDCI produceds unalloyed andhasaferritic-pearlitic microstructur@scast

and relatively good ductility. The unalloyed ¥Gre a ternary alloy syatn of iron, sili-

con and carbon. The strength and dugtdre mainly affected by the ferrifgearlite ratio.
Whereas the most ductile grades are almost entirely ferritic, strength increasigs with
creasing pearlite fraction. Graphite nodule size does not have strong effects on mechani-
cal properties. Graphitaodularity is a general measure afiality, affecting tensile
strength, fatigue properties, and yield strength.

The microstructure is affected not only by alloying, but also casting section size. Heavy
sectiors cool slowlypromoting ferritic microstructa:. Thin sections cool fast and have
finer, more pearlitienicrostructurse. Sometimeslloying has to badjusted accordintp
section sizes and desiredamustructure by adjustingoncentration opearlite or ferrite
forming elementsin-mold cooling condiions also affect the pearlite reaction and its de-
composition to ferrit¢Labrecque, Gagné 199&or some applicationterritizing anneal
treatments necessary aftenold shakeout for reaching sufficiently feitic microstruc-

ture. However, silicon is a goderrite-promoting element. Quite recenttieveloped
high-silicon grades can have sufficiently ferritic microstructiréhe ascastcondition

for applications requiring high ductility

DCls go through a speditreatmenjust before pouringlt is requiredfor the graphite to
precipitate in spherical shape. Magnesium & uBual spheroidizing agerRare earth
metals and nickel can also be used. After the spheroidization, an inoculant is added for
providing sufficient number ofites forthe graphite spheroid® nucleate

DCI has complex microstructure. The graphite nodules are relativelydargg Figure

14 shows microstructure of material used in experimental. Micrograph es taéfore
ferritizing anneal treatment.
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Figure 14. Unetched micrograph of ascast ductile cast iron. Black dots are graphite. Pearlite is
vaguely visible as islands between graphite nodules.

Figurel5 shows plastic behavior of DCI used in experimental. Although the matrix ma-
terial responsible for plasticity is ferritic, and should therefore show yield point behavior,
yielding beginggradually without any sign of upper yield point.

ID01, 7.1e-04 s, 20-20 °C
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Figure 15. Stressstrain curve of ferritic DCI. No sign of upper yield pointnorl, der 6 s str ai n.
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The matrix material of DCiks very similar to electrical steel, a material tdaes show

yield point behavior. The absence of the yield pointhe DClcompositehas been at-
tributed to the nodules acting as initiation sites for plagifordhation, providing plastic-

ity well below the macroscopic yield pofifira, Kishitake et al. 1992ptressstrain curve
of Fe-3Si steeis presented ifrigurel16.
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Figure 16. Stressstrain curve of Fe-3% Si electrical steel }
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and H.s.2 two hardening stages observed. The materialksench electricd steel FeV 33835 HA,
fully ferritic microstructure and a grain size of 50um. Test specimens were 0,35 mm thick
sheet steel, with nororiented grain structure. (lordache, Hug 2004)

2.3.3 Strain aging of ductile cast iron

The ferriticpearlitic matrix ofs t andar d
microstructure, ad the literature surveyeddicatethat qualitativelyDSA of DCI is sim-

unall oyed

DCI

ilar to structural stesl.GAs for mild steels, loss of ductility is one theost strikingfea-

tures of DSA on DSCFigurel7 presents ductilityrelatedtest quantitie$or ferritic duc-

tile cast iron at different temperatures.
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Figure 17. Tensile elongation and cycles to failuréor ferritic ductile cast iro n at DSA relevant tem-
peratures (Lui, Chao 1989) Unfortunately creep test results are not available for temperatures below
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300°C. Nevertheless, a ductility minimum is expected tbe found ©mewhere between room temper-
ature and the 300 °C. Strain rate of tests is unknown.

Unlike wrought alloys, castings anardlystrengthenetly forming. Therefore, the initial
dislocation desity has to be taken aisis. Furthermoredendrtic microstructue camot
be broken byleformation during manufacturing, and the subsequentramge ordering
with periodical lattice orientatiomsay influence deformation mechanisms.

Whereas mild steel may experience the return of the yield point after aging, BChdoe
have the yield point in the first place. Nonetheless, bbtwjerky and serrated flow in
the PLC donain, indicating differences between yield point behavior and serrated yield-

ing.

The availability of interstitial atomis one the main determinarasstrain aging propen-

sity. For usual casting processes, cooling ratdew the eutectoid temperature are not
economically controlled. Therefore, the amount of carbon trapped in solution varies be-
tween different casting geometries and foundry practices.
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Figure 18. Effect of heat treatment on critical strain to onset of serrations (left) and on flow stress
increment from 1% to 5% strain (right) (Chen, Lui et al. 1993) Ferritic DCI with 3,2 %C and 2,65
%Si.

Published studies on the effect of pearlite content saigiimg wasot found.

Ductility of DCI at room temperature increases with increasing nodule size. However, at
DSA-relevant temperatures this relation is inversed, as illustratéidume 19.
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Figure 19. Effect of temperature and graphite nodule diameteiwon tensile elongation at a strain rate
of h v . Carbon content increases with increasing specimen numbdjYanagisawa, Lui
1983)

Intuitively, decreasing nodularity intensifisgess concentrations arougiphite. 8ud-

iesof DCI nodularity effects on DSA was not found. One study does mention that defor-
mation induced moklg dislocation density increases when graphite is ahgrigom nod-

ular to vermicularthough concise effects on material behavior is not elabofiatdéne,
Vohringer et al. 1982)

Increasing silicon content is associateith increasing apparent activation egies for
onset of jerky flon(Chen, Lui et al. 1993possibly indicatingilicon loweringdiffusivity
of carbon.
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3 Experi ment al

3.1 Methods and purpose

The key idea of this study te introduce a temperature gradient into the ispec and
record the full straifield during loading withdigital image correlation¥IC). This not

only allows to study the spatial details of Ammmogenous deformation, but also to get
stressstrain datdor a range of temperatures with a single specimen and a sing@I&st.

is a method for measurirdisplacementsf surface details frora deforming or moving
body. It allows fultfield strain measurement in mechanical testing, enabling detailed re-
searchof nonthomogenous deformation.

A constant strain rate test elevated temperature is the prevailing practice for studying
the effect of temperature and strain rate on mechanical properties duringAD&ad
controlledtest would likely have a largengeof arbitrarily varyingstrain ratesmaking

it difficult to specify the effecbf specific strain rate

Testing of discontinuously yielding specimens should be done on a rigid machine. Ma-
chine compliance has direct influge on observed behavior discontinuously yielding
specimenMoreover pecimen grips as well as the specimen itself are a part of the elastic
system.The general appearance of the test frame was heavy, and only 1/3 of the force
capacity was in use. It was cdmded that elastic eftts were relatively low. Therefore,
machinespecimen coupling isat further consideredSee Mesarovic(1995) Penning
(1972)and Holbrook et al1982)for detailed analysis on machine effects on discontin-
uous yielding

Necking is an event densile deformation, which denotes end of uniform deformation
and onset of localizatiomhe load bearing capacity of the specineaffected by two
phenomena: increasing material strength from strain hardening, and decreasing load bear-
ing capacity from decreasing cressction area due twossvice thinning.Necking oc-

curs when the latter dominates the previous. Soon after nedkmogjmmediately, most

of the deformatiomoncentrates otihe necked aredeaving the rest of the specimen with-

out further deformationAdditionally, theengineering stresstrain relation loses its rele-
vancyat this pointThe gauge length averagessitrat necking point is a material property
indicating the materi& capacity for uniform elongation, and this is the quantity usually
reported for elongation, denoted@s The stain at which the material finally ruptures

can be considerabbarge than the uniform elongation, but after lbzation, structure
geometry has strong influence on outcoferther, the standard tensile test that records
only load and total displacement measures only the specimen behavior after necking, not
material proprties.

3.2 Test equipment and arrangements

3.2.1 Test material and m anufacturing of specimens

A continuously cast bar of ferritipearlitic ductile cast ironeceived in the asast condi-
tion. It was heat treated to fully ferritic matrix, anthchinedinto specimas. For each
cross section, six specimen were machined from the perimeter of the profile, and one
from the center. The center had larger nodule size and greater pearlite fraction than the
perimeter. The center pieces with larger nodule size were putfasldeer experiments.
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The difference in the nodule size will later allow to study the effect of graphite appearance
on mechanical and DSrelated properties.

Theround bar of @70mmwvas sawn into 250 mm long pieces, which were further sawn
longitudinallyinto individual specimen blanks. Center holes were drilled intosgheci-

men blank ends for holdingetween lathe centers. The blanks were then turned into 20
mm diameterods The specimen final grip diameter was 15 mm, but a radial excess of
2.5 mm wasdft to be removed aftéhe ferritizing heat treatment, as the high tempera-
tures involved leave a carbon ddpltand oxidized surface layer. The ferritizing temper-
ature was 900 °C, from where the temperature was lowered & @f rat’C/min to 700

°C, hdd there for 2 hours, from where the temperature was further lowered to 345 °C at
the same rate of 1 °C/min, following aooling (Davis 1996, p. 194)

A detailed description dtirther specimen manufactag can be found imppendix 1

3.2.2 Specimen loading and temperature control

A 100kN MTS servohydraulitest framewith watercooled hydraulic grips was used for
loading tle specimendAn integral bad cellwas intline with the specimen.

The specimen was heatedth cartridge hears operating at 240V. The cartridges were
placed inpurposebuilt heater blocks thatereclamped onto the specimens, $égure

20. Two sets oblocks were fabricated. One paitended for higher temperatsréaving
four 150W heatersn each halvetotaling in 1200W of heatingpower. Theotherpair
was intended for colder end of the specimen, and it had only 4 cartridge€Wrof0
heating power. The pair for lower temperatures also had bores and compgoéis for
optional cooling with compressed ‘air

L X
Figure 20. Heater blocksassembly used for specimen heatingmnage taken from an already rup-
tured specimen. The blocks consisted of alike halves that were clamped around thedpen with
modified locking pliers.

! The cooling option was built as a precaution for removing excess heat from the cold end in case a very
steep temperature gradient would be desired. In practioslthend temperature settled to®when the
hot end was held at 40C, and cooling was not necessary.

22



Specimen temperature was measured wittypé thermocouples spotelded onto the
specimen. Temperature controllers with PID and autotuning functionality were connected
to the heater blocks via solglate relaysAir flow to the cooling channelgas controlled

by a solenoid valve connedteo an alarnmoutput of the PlBEcontroller The PID-control

kept the temperatusgeadily at set value, and no need for any further temperature logging
was considered necessary.

During the first tests, minfrared camera was used to capture images of the temperature
gradient specimen. Results were later analysed in thermal imaging analysis sdftware
lustrated inFigure21. The temperature gradient seems tee® with increasing tem-
peratureThis can be attributed to increasihgat losses from radiation withcreasing
temperatureNeverthelessa constantemperaturgradientestimate from the end tem-
peratures was consideretfficienty close approximatioffior the purpose of this study
However, it should be noted tHat materials exhibiting largstrain diffuse neckinghis
approximation is not valid after onset of necking.
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Figure 21. Infrared ima ge taken from a specimen withtemperature ranging from 100°C to 400°C
(Flir SC660). Thermocouples are visible to the left of the specimen, and at the top of the image the
rectangular heating block is seen somewhat above 400 °@n analysisline was placed afterwards in
analysis softvare, and the correspouling temperature values areplotted in the diagram. Emissivity
coefficient for specimen surfacevas calibrated iteratively with the help ofthermocouple, arriving at
0,70.

3.2.3 Digital image correlation

Digital image correlatiofDIC) is a technique for studying deformation by comparing
imagestaken from an object, such as a deforming piécBIC algorithmsearchegor
correlations in successive images, andasarecord of the displacements. The software
usedin this study(DaVis.2014)places a grid over the first image of a series of images,
then goes through each successive image looking for correlation with the first image grid
points. When maximum correlation is found, displacement of threlating point with
respect to the first image grid point is stored. The reguthita isa 4dimensional matrix
holding displacements in-xand ydirections for each image
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The images of the specimen during test were reconddLaVision Imager X2CCD
cameraThe image arewas croppedo relevanimage arean-therunin order to save
harddrive space. ALO0 mm focal length telephotenswith maximum apertuze szof
1:2,8was used with the cameiaxposure tim€40 ms)was adjustednanuallyfor max-
imum contrast without overexposure.

Good illumination of the round specimen was not attained &dime light sourcaimed
directly to the specimerThereforejndirect illuminationwas arranged, sdégure 22.
Two curved refletorsof cinema screen fabric weheingatapproximately 300 mm from
the specimenThe reflectors were lit withpowerful LED-lights. A small gap was left
between the reflectofer allowing visual accedsr the camera.

test machine frame

LED-lamps AN
/ T 7
/specimen - \

O O

i i
/ " 1l

visuol access for camera

Figure 22. Schematic illustration of indirect lightning arranged for proper illuminati on of the round
tensile specimen.

The lightning ould have been hier for more uniform intensity arouride round speci-
men Figure23 shows how thepecimen surface and speckles appeared to the software.
The sides of the projected specina@apoorly lit, andmaximum intensity is observed

on both sides of the center arelmwever, the indirect illumination was a great improve-
ment over direct illuminadin.
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Figure 23. Screenshot from the program used for DIGcomputations (DaVis).

Figure23also shows theubset used for computations, 25x25 pixele Jubset size was
chosen according to a rule of thh stating that each subset should have at least 3 by 3
surface featureSutton, Orteu et al. 2009, p. 23The spatial resolution of images was

approximately 15—.

Camea and object orientatiorsge major error sources in DIC. The DaVis software al-
lowsto measur¢he relative orientation ahecamera antheobject of interesby taking
images of sacalled calibration plates. Then, orientatiemors can be correcteoh soft-
ware. In absencef @roper calibration accessorjes different approach was taken. The
camerawas levelled perpendicular to the tensile machine fraittethe help of a level.
This procedure minimizesrors resulting fromunpeapendicularity ofopticswith respect

to object. Errors associated with some are&she object moving in the image during
deformation coulghat be minimized or compensatbyg levelling Yet they were consid-
ered minor, adte cameravasrelatively far awg compared to thepecimergauge length
(1,5 mand 0,06 m respectively
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3.2.4 Tensile te sts

Specimens were tested wiahd withouta temperature gradient at different imposed strain

ratesranging from5 Q0 55101107251 The emperature gradient tests haem-

peratureof 100 °C to 400 °C at the ends of the gauge lengulting in a gradient of 5
°C/mm.While 5 specimens were tested with the gradient, six specimens weref¢ested
reference purposesithout the gradient.
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Figure 24. Temperatures and strain rates usd in tests.The blue dots represent tests at uniform tem-
peratures, and the red lines represent tests with a temperature gradient.
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3.3 Processing of t est data

DaVis software was used for caping the images and computing the displacement data.
That data was then exported to MATLAB numericamputing environment. Load data
from MTS test machine wadso exported, andterpolated timeawvise to correspnd with
DaVis data timestampsigure 25 illustrates the calculation of strains and strates

from displacements.
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Figure 25. Schematic representation of howstrains and strain rates were calculatedfrom displace-
ments. The resulting quantities need to be proportioned to grid yspacing and time between images
to get strains and strain rates in Slunits.

Thedataexported from DaVisiadagrid size of approximately 25 indirection and 160
in y-direction varying a little between specime®@nly y-displacements were analysed.
In uniaxial tension of a relatively long specimére displacements armsignificantat
moderate strain@ndthereforetheywerenot considered at all

Strains in ydirection wascalculated from displacements useqguation(10).

YO QQ nadw
Yo | fooQE

(10)

When the grid yspacing is constant, the difference operators are not needed, and equation
(10) reduces tq11), which has the same form as tbemula forengineering strain.

W QQ NadQa'Qe o

h QI WA N OwQe Q (1
All strain quantities wereonverted taatural strains, as pequation(12).
e=In1+e&,,,) (12
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Strain rate in ydirection was calulated in a similar mannezguation(13),

&= % (13
Dt

whereU thesaverage poirdtrainof two consecutive imageandt is the time between
theimagesWhere average strain rates are reported, they are calculated by averaging the
strain rates ofelevantsample grid pointslt should be noted that DaVis running on a
Microsoft operating system produced occasional laaitgg testsso that the image cap-
turing frequency was not constant. Therefarevas important to compute stnarates

using individuatimestep valuetor each imaganstead of theresetvalue setvhen tak-

ing the imagesAs the haltsand subsequent large timesteppeaed veryrarely, calcu-

lation of strain rates by considering individual time steps was neesgielént at time of
building the MATLAB-code for analysis.
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4 Results and discussion
4.1 Homo geneity of deformation

4.1.1 Extent of deformation before necking

Although the themef this studywas norhomogenous deformation, the Ple@ect is

not the kind of instability that would catastrophically eadest However, the tensile
instability is one thaputs astrain rate testo an endFigure 26 illustrates how plastic
deformation is homogenous throughout the specimen gauge length before necking. When
maximum load bearing capacity (yellow lineyeacheddeformation localizeand strain

rates quickly divergeTherefore, poshecking results have to be excluded from constant
strain rate comparisons.

103 ID: 01, mean true rate: 7.06e-04 s, T: 20-20 °C

7

6

&)

Strain rate [5'1]

: 300
Location 0 100 150

[mm] Time [s]

Figure 26. Local strain rates of DCltensile specimerat room temperature. Y -axis indicates location
in gauge length. Yellowmarking points out moment of maximum load, after which strain rates start
to diverge.

The moment of maximum load during a tensdsttcan be used as one criterion for the

end of uniform elongatiarFigure27 shows extent of elongation @oment ofmaximum
load for all uniform temperature specimens.
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Figure 27. Strains at moment of maximum load for uniform temperature specimens.

Figure28shows extent oflongation at maximum load for all temperature gradient spec-

imens.Note how pecimen with imposed strain ratewfp i  shows highly non
uniform strains.
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Figure 28. Strains at moment of maximum load fortemperature gradient specimens. Lowest and
highest imposed strain rates seem to produce lowest uniform elongations.

4.2 Comparison of gradient and uniform test results

One of the questions concerning the applicability oftéineperature gradiem¢stis how

much is there @upling between diffeent parts of the specimen, eifgpart of the speci-
men is at DSApromotingconditions, how will it affect otheparts that are notRigure

29 shows test load with time for room temperature specimenk-ignte 30 shows strain
rates of room temperature test.

_1D01, 7.1e-04 s'1,2o;20 ‘c
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g @

N
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Time [s]
Figure 29. Load during test for room temperature specimen.
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Figure 30. Strain rate for room temperature specimen.

Load andstrain rate plots of deformation under D8&vea completelydifferent appear-
ance Figure31shows load for two testgith practically same strain rateoad serrations
in presencef a temperature gradient start right after yredd point. However, theni-
form temperaturepecimen showirst a period of smooth load increasefore serrations
appear

ID07, 5.8e-05s™!, 400-100 °C 451D26, 7.7e-05 s, 300-300 °C

36
347 1 34
32 32t
— 30 — 30+
pa pa
=, =
o 28| o 287
@© ©
S S
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24 24 +
22 1 22t
20 1 1 1 20 1 1 1
0 500 1000 1500 0 500 1000 1500
Time [s] Time [s]

Figure 31. Load during tests for uniform and gradient spgecimens of similar strain rate. Load serra-
tions begin at a later time in the uniform temperature pecimen, which also experiences higher loads
and has longer time to rupture.

High detail of material behavior is obtained by plotting local stetssndata However,
deformation during DSA uslly ocairs inmoving bands. Therefori js notinsignificant
which local point is kosenfor comparisonFigure32 andFigure33 show strain rates of
the same specimens as showRigure31. The uniform specimen (ID 26) shows multiple
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bands disappearirig the middle, yet sthat there is a narrow area of overlapping band
ends. The local stresdrainat thatoverlappingocation would appearery much differ-

ent compared to areas watlt overlappingThe authaofs viewis that a point without band
overlapping is more representati¥epoint somewhat above the overlapping zone is cho-
sen for comparison with a point in the temperature gradient specimen with same strain
rate. An algorithm \as programmed to locatepoint from the gradient specimen data
with same temperature as chosen uniform specimen. This kind of comparison for 300 °C
and imposed strain rate pfrt i is presented ifrigure34.
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Figure 32. Strain rates of temperature gradient specimenYellow line indicates moment of highest
load The white fAholesodo i n the c adstainrrdates o thenumericalh a t
treatment.
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Figure 34. Comparison of local stressstrain data for same data as inFigure 32 and Figure 33.
Whereas $rain rate oscillations are present in temperature gradient specimen right from yield point
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the uniform temperature specimen has a strain of approximately 3,5% before oscillations starfDe-
formation of temperature gradient specimen ends at 300 °C beforesaching the strain where the
PLC effect begun h uniform temperature specimen.

Comparisons between uniform and variable temperaastsin Figure 31, Figure 32,
Figure33, andFigure 34 suggest thathe deformation bandsan nucleate at one part of

the temperature gradient specimen, and propagate deep into areas where conditions for
band nucleation are not present at uniform temperaasts However the hardening
behavior, and loatbearing capacity thereafter, is not dramatically different.

Figure35 shows a similar plot a@sigure34, but the temperature is 250 °C.
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Figure 35. Comparison of uniform temperature specimenlocal stressstrain data with temperature
gradient specimen (IDO7 Figure 28). Contrary to Figure 34, the uniform specimen has more gvaria-
tion in force and strain rate than the gradient specimen.

Figure36 shows a similacomparisorasin Figure34 andFigure35, but the temperature
is 150 °C.
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Figure 36. Comparison of uniform temperature specimenlocal stressstrain data with temperature
gradient specimen (IDO7 Figure 28). This sample shows also larger load and rate variations in uni-
form conditions compared to gradient specimenStrain rates are higher compared to samples from
higher temperatures.

Figure 37 and Figure 38 compare local uniform and variable temperature data with a
higher imposed strain rate. A striking differeris seen for local deformation at 150 °C.
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4.3 PLC-effect and s train rate jumps

The theory presented in sectidr2.4and in paticular the modepresented by Penning
(Figurell) suggests that vém strain rate are oscillatinglue to the proposedechanism,
certainintermediatestrain rates are not possipie.oscillatingstrain ratenust jump over
the intermediatgalues Figure39 andFigure40show strain rate histogram$a uniform
temperature testone at 300 °CThedomain where strain ra(€igure33) shows banding
has an etended spectrum of strain rats seen ofigure40. Althoughan explicit gap
between high and low strain rates is not observed, the existence of two local maximums
supportthe idea oftrain rate jumps between high and low strain raAdslitionally, the
strain rate count falls sharply to zero in the bégain rde end of the spectruinmore
sharply than in the homogenous deformatiofrigire 39. This may indicateelatively
high SRS of flow stress #tehigher end of an extended strain rate spectrum.

ID: 26, sample mean rate: 7.8e-05 §-.1a T 300-300 C, t = 200s - 400s
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Figure 39. Strain rate histogram for uniform temperature specimen (ID 26). The sample is chosen
from a domain that, by the looksof Figure 31 and Figure 33, is from uniform deformation.
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Figure 40. Strain rate histogram from a domain that has deformation bands irFigure 33.
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4.4 Flow stress

Stress can be considered as a materi al

Therefore, the range of stressesastisd during a tesor series of testgnust taken as
given.Figure41 presents the local stresses for all 11 specimens téstditionally, flow
stresses belonging to a specific domain of temperatures and local strain Faggs is
lighted for demonstrating a genetavel negative SRS of flow stress.
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Figure 41. Range of local stresses and strain ras for the wtole tests serie®f 11 specimensData
below yield point and beyond maximum load is excludedata from specific conditions is highlighted
with blue color for demonstrating generatlevel relation of decreasing flow stressvith increasing
strain rate.

107"

An SRS parameter can be calculated for flow stress, ag19&T)presented.

~

&3S O _ apl
=558 =8> § (14)
Scu&+, CcHINn&=,

s O

For some unknown reason, plots the m parameter were not reasonable. This may result
fromT - being very sensitive to noise in displacement data. This detail is left for future

work.
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4.5 Work-hardening

Work-hardening can be examined in a widense by fitting stresstrain data to a power
law hardening equatiofi5).

s =Ke" (15

An algorithm was programmed for automatic povesv hardening fit. Elastic portion of
stressstrain curve as well data beyond maximum load was excluded from thigtite

42 shows curve fitting and extraction of hardening exponent. Most robust yield point de-
tection method turned out to be finditige firstlocal maximum of second derivative &f
curve fitted to data below3 % strain.

%108 ID28, 7.9e-05 s, 150-150 °C
6 L m

&)
T

Ximum load

Stress [Pa]
~

w
T

Yield point

0 0.05 0.1 0.15 0.2 0.25
Strain
Figure 42. Powerlaw hardening curve was fitted for every other grid y-point for obtaining fit expo-

nent values for whole test series. Total number of curve fits and resulting exponent values totaled
915.

Figure43shows hardening expent values for 10 specimei¥ata ofone specimen had

to be excluded for too large range of strain rates. The excluded specimen had diverged
strain rates long before maximum lo&tjure28 shows also how this excluded specimen

has very uneven strains at moment of maximum load.
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Figure 43. Power-law fit exponents for selected specimens representing relevant imposed strain rates
and temperatures. The vertical lines represent uniform temperature specimen

Work-hardening camlsobe studiedn detail at local leveby plottingthe rate of change

of stress vs. rate of change of strdihe general appearance of strain rate sensitivity of
work-hardening as well as the extent of scatter in it can be smafrigure44 andFigure

45. It should be kept in mind that the strain rate sensitivity of wandening settles to a
steadystate value, and that these diagrams are plotted witFospadlues. Neverthess,

they do show a clear negative SRS of work hardening. Even so, further analysis is left for
future work. The time it takes to reach the stestdye value should be addressed in some
way, not possible in the current treatment.
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5 Concl usinadnd uture wor k

5.1 Specimen design

The use of thisemperature udientmethod requires careful plaimg if good coverage
of elongationdataup to rupture is desired adl relevantparts of he strain ratéempera-
tureispace.In order to keep the number of specimengsimal, specimen geometries
couldbe designetb rupture at a specific location having desired temperatge make
crosssection a bit larger for temperatures causing decreased stréhgttway, theoc-
currenceof rupturescould be designed to have even spacing inehgeraturestrain rate
space, andull stressstrain data would be available throughout all conditions.

The local workhardening ratesHgure 44 andFigure45) can be proportioned to flow
stress, as presented in equatfhf). This is exactly the same expression as the work
hardeni ng p ar(l®6nerteean foi stability afitensdesdeformation.

1 o ~
g=—8"8 (16)

S CHE T

Together with equatior{14), the Hart criterion for stable uniform tensile deformation can
be stated17).

g+mz21 17)

This criterion is something that can be alsd and analysed later. However, it may be
difficult to make use of it ispecimen design.

A numerical method for modeling ndromogenous yielding including banding has been
proposed by McCormick and Lin@995. The model is originally intended for studying
the temperature, strain rate, diffusion, and solute concentration effects on Ph&ndnd
ing phenomena. However, with the help direef preliminary test series, thraodel pa-
rameters could be estimateddaimmulations could be run for iterating optimum specimen
profiles for designed rupture location.

5.2 Spatial coupling

Appearance of local stressrain curves in uniform specimens and in gradient specimens
with same conditions varies. There is clegidencehat in a gradient specimgdefor-
mationbands nucleatérst in the DSA regionandthenpropagate into theaonDSA re-
gion.Thereforethe temperature gradient t@sbbablyhaslimited validity in comparison

to constant strain rate tests at uniform terapee. The sample size of 11 specimens is
not enough for drawing conclusions on comparability of gradient and uniform tempera-
ture tests.

One peculiarity observes was thiae tfirstdeformation bandaucleatd in between th
gauge length, notintheenda L ¢ der 6 s b dtwduld beiirsteneating toytest o .
steel specimens with fufleld strain measurement to see if thebgtween nucleation
occurs because of DCI characteristics, just like the absence of the yield point behavior.
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5.3 Effect of DCI prop erties

Several factors causeicrostructuralariability in DCI castings: mold geometry effects

on cooling rates, melt scrap additions on pearlite content, varying melt waiting times be-
tween nodularization and pouring, graphite flotation during solidioagetc. Fortu-
nately, all relevant microstructure features are easily characterized with ordinary metal-
lography. It would be interesting tam series of tests with varyingicrostructuresand
couple the deformation behavior with microstructure justastinrent experimental cou-

pled temperature and strain rate with deformation.
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After ferritizing, the specimen blanks veeturned into their final dimensiongresented
in FigureFigure46. The gauge length area had 5 mm of excess material to be removed.
This was considered a fair margin for removing all theliaed and arborrdepleted ma-
terial resulting from the annealing process.
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Figure 46. Specimen dimensions.

To avoid excess vibration of the relatively slender specimens during machining, the ma-
chining feed rates had to be kept quiteéa resulting in a coarse surfacgatity. The
surface texture waemoved by grinding in Ethe with a rotating flajabrasiveool, see
Figure4?. Identification labels were then scribed to both ends of the specimen.

Figure 47. Surface appearance of spegien after turning and two grinding steps.

The grinding clearly removed material from the specimens. Therefore, gauge length di-
ameter was measured at 3 points before painting for ensuring accepédtaeaf cross
section sizesSpecimen diameter scatter was below 0,08 mm.

The speckle pattern was painted with silicone bdmsghkitemperature painifThe paint

had xylene solvent that just evaporated and left the paint dry in less than a minute. The
paint usedis supposed to be baked at 230 °C for one hour in order to reach finaldsardne
but baking was found not necessafye paints used, pipettes for transferring the paint,
and the paint guns, are presente#igure48.

The black paint was applied first with high air pressure of 200 flP minimum layer
thicknessSilver paint waghenapplied at a low pressure for appropriate droplet Size.
paint gun wzzle was set to widest opening. Additionally, suction pipe of #nat gun
reservoir was removed and the gun was held ugBen. This decreased flow resistance
and enabling to use sufficiently low pressur@. gressure was adjusted-tmerun by
spraying on a disposable test surfa@ptimum speckle size had been detmed before-
hand, and a model pattern wasted from a computer file. This pattern served as a visual






