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ABSTRACT

Intercritically austempered ductile iron (IADI) with a matrix microstructure of ferrite plus metastable
austenite has an excellent combination of strength and toughness. The high strength and good ductility of
this material idue to the transformation of metastable austenite to martensite during deformation. In the
present study, the transformation of austenite to martensite for intercritically austempered ductile irons of
varying alloy chemistry (varying amounts of nickel ammdhanganese) were examined usinrgita neutron
diffraction under straiktontrolled loading at VULCAN at the Spallation Neutron Source at Oak Ridge
National Laboratory (ORNL). Both diffraction and tensile data were collected and synced using the
VDRIVE software (a proprietary ORNL software package). The single peak fit method was employed in

the analysis of the diffraction data.

In this thesis, the stress and strain for the start of the transformation of metastable austenite to martensite
were determing. The development of residual stresses during deformation and the elastic diffraction
constants for both the ferrite and austenite phases were also determined. The material was characterized
using optical microscopy, backscattered imaging in the scamf@etyon microscopy, energy dispersive

spectroscopy and transmission electron microscopy.
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Chapter 1 Introduction
1.1 Overview

The materials used in modern motehicles are chosen on the basis of specific mechanical and physical
properties. Normallya change of materials is only considered if a cost reduction or performance
improvement can be realized. Current reasons for a material change are increasedasiteiogtihness,
improved fatigue propertiesr reduced manufacturing cost. Weight reduction results in improved

performance and increased fuel efficiency.

Ductile irons that exhibit ransformation inducedlasticity (TRIP) have tremendous potential for
aubmotive applications. Presently, steel and aluminum are the primary materials of choice. TRIP ductile
iron has high yial strength (38%50 MPa) high ultimate tensile strength (5800 MPa), good ductility
(14-20%), good fracture toughness {85 MPam'?), good resistance to environmental cracking, excellent
castability and good machinability, and is therefore a viable alternative to presently used nh&igdials

Figure 1-1 shows, the weight and cost per unit yield strength for TRIP ductile iron (intercritically
austempered ductile iron or IADI) are better in comparison to aluminum alloys and even some steels.

(Forged steel normalized 1)15].
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Figure 1-1: Comparative Weight and Cost per unit Yield Strengths (based on data by Keough. J.R.
and Hayrynen. K.L [15])



1.2 Ductile Iron

Ductile iron is a type of cast iron. The carbon in the microstructure of cast irons may be present as iron
carbide or elemental carbon (graphite). One of the various ways to classify cast iron is by the shape of the
carbon in the microstructure. Dietiron is also known as nodular cast irfit6], as the graphite in the
microstructure is in form of nodules or spheres. Usually a magnesium based treatment alloy is added to the
molten netal to produce the spheroidal graphite. Changing the shape from flakes (gjetp imodules

(ductile iron) in the microstructure produces the improved toughness and improved fatigue properties by

minimizing the stress concentration factor due to thphgta flakes.

The matrix in ductile iron can be ferritic, pearlitic, martensitic, austenitic or a combination of these phases.
Addition of certain austenite stabilizers, like nickel or manganese can promote the formation of metastable
austenite. The matrikas a great deal of influence over the mechanical properties. Aldasd matrix
composed of ferrite and austenite can enhance the mechanical propertiesl@firdactit is clear from

figure 2 that dualphase intercritically austempered ductile irsimows noticeable improvement in
ductility compared to pearlitic ductile iron and strength compared to ferritic ductilglishrCompared to

ferritic ductile iron, IADI has twice the yield strength with similar ductility. Intercritically austempered
ductile ironhas slightly higher yield strength than pearlitic ductile iron and almost double the elongation to

fracture.
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Figure 1-2: Effect of matrix microstructure on properties of ductile iron

Ductile iron is an alloy of iron, carbon and various other alloying elements. Carbon, silicon and sulfur are
needed to be held at a particular level for desired distribution and shape of graphite nodules. Sulphur must
be reduced to less than 0.02%. Magmesandrare earthalloys are introduced in the melt for the desired
shape, size and distribution of graphite nodés It is necessary to minimize lead, antimony, titanium,
bismuth, ziconiumetc.[17]. Unalloyed magnesium or rare earth metal and magnesased faosilicon
nodulizers can also be used in certain special cases depending on requitgin&ase earth elements are

also used to neutralize the harmful effect of lead.

The phase matrix of ductile iron primarily depends on the carbon content of the matrix, which can be given

by equation 1.

0 0 0
0 WEME MM ENPET Qo6 a"Qi (1)
Whereo is the total % of carbon in the allay, is the % of carbon in the &, 0 is the

% of carbon present as graphite nodufesjs the density of graphite under ambient temperature and

atmospheric pressure.



If the matrix has more than 0.008% C irtliteiron-iron carbide equilibrium phase diagram suggéstse

will be some amount of pdde present However, the presence of equilibrium phases can be varied by
norrequilibrium heat treatments, like annealing and quenching, or the addition of alloying elglngénts

6-9, 17, 19]. Silicon (~2%) greatly modifies the equilibrium phase diagram by changing the carbon
equivalent and makes imeeitical heat treatment possitl€7]. Alloying elements like nickel, manganese

etc. improves the hardenabilify7] and causes the carbon in the pearlite tongm solid solution in the
austenite forming martensite upaooling Thus, ductile iron containing nickel or manganese may have a
dual phase matrix microstructure containing ferrite and metastable austenite. The presence of metastable
austenite in the miostructure is crucial for TRIP ductile iron alloys like IADI, becatigetransformation

of metastable austenite to martensite which absorbs energy and sraigpbdor mechanical properties

compared to ferritic or pearlitic ductile irg&, 10-14]

1.3 Heat Treatment

Alongside alloying, various heat treatments are employed to most of the iron based alloys to modify the
microstructure and consequently mechanical properties to make them suitable for certain applications. The
heat treatments may be thermal or themmexhanicatiepending on the application. Most common thermal
processes include annealing, normalizing, strelsving, quenching and tempering. Annealing,
normalizing and stress relieving are mostly done for highly deformed materials to regain ductility.
Temperingnvolves heating the material to an elevated temperature and holding it there for a set amount of
time. The temperature the material is heated to and the time for which the material is held at the temperature
are the two major factors in predicting thi@ial properties. The tempering temperature may be below the

A1 temperature of that alloy if the major intention is stnedi®ving. The presence of around 2% Si in the

microstructure allows ductile iron to have a feratgstenite two phase region abdveeven for >2% C.

Intercritical austempering requires heating into a-plhase ferrite austenite region followed by quenching
to prevent pearlite formation. But the material is quenched to a high enough temperature to prevent the
formation of martensitéAfter holding the materiat the desired temperature to stabilize the austenite
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to segregation ddlloying elements, the material is allowed to cool to ambient temperdtueesnd result
is a matrix composed of ferrite and metastable austeAiteletailed heatreatment scheduleds

schematically shown indure 1-3.

austenitic region

Intercritical hold

— : Quenching
ferritic region

Temperature

Hold (austempering)

M, temperature

Cooled to room
temperature

A

Time

Figure 1-3: Schematic heat treatment schedule of IADI, time and temperature not to scale

The metastable austenite that is retained in the microstructure, as in case of IADI, is partially stabilized by
addition of alloying elements like manganese and nickel whidhretardgheformationof pearlite It also
reduces thés temperature to some degne®ducing a largetemperature range for austempering. More

will be discused on heat treatments and alloying of IADI later on in this paper.

1.4 Intercritical heat t reatment

For a given alloy chemistry, the volume fraction of austenite in the equilibrium microstructure is a function
of the austenitizing temperature. The volumaction of austenite in the microstructure can be deduced
utilizing the lever rule. In a FE-2%Si equilibriumphase diagraras given by figurd-4, it is evident that

as the austenitizing temperature increases, the volume fraction of austeniteniicribsructure also

increased 9, 2Q].
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Figure 1-4: Fe-C-2% Si equilibrium phase diagram adapted from web resources, Herring, D.H.
Industrial Heating.com, December 2004, pg.2R1]

The austenite formation in the intercritical temperature range has three steps. The nucleation of austenite at
ferrite-pearlite boundarigslissolution of pearlite and growth of austenite are the initial steps. The second
step is partitioning of carbon in the austenite. The third step is marked by the diffusion of substitutional
elements like manganese and silicon in the feaitstenite grainsSo, under the intercritical austenitizing
conditions, equilibrium conditions can be achieved in terms of the austenite volume fraction and carbon
content, but compositional equilibrium conditions for subsitutional alloying elements is not possible due to
limited time for diffusioh22, 23]. Thus the austenite is iastate of paraquilibrium rather than complete
equilibrium, the equilibrium being limited by comparatively short holding tuietercritical emperatures

[24].



1.4.1 Intercritical heat treatment in ductile iron

Intercritical heat treatments in ductile iron have three phases, thgstnaterial igartially austenitized,

then it is quenched and lastly it is austempered. Quenching from ausienen temperature will produce
martensite, which is hard and brittle. So, quenching to a temperature above mastaritéi@perature is
performed. The iterial is then held at this temperature for a prescribed period of time to stabilize the
austenite before cooling to room temperature. Austempering gives rise tphdisal austeniferrite
microstructure in ductile irons, the volume of austenite beegmpddent on the chemistry of the alloy and

intercritical austenitizing temperature.

During austenitizing, the heterogeneous nucleation of austenite starts from intercellular bofi28aries

The carbon content of austenite is primarilgaction of austenitizing temperature. For unalloyed ferritic
ductile iron, the necessary carbon for the formation of austenite at higher temperatures comes from the
graphite nodules. Thus incréag the austenitizing temperature causes more carbon framphige to go

into solution in austenite, increasing the carbon cof&i@6]. For IADI, a ferritic matrix cannot be used
because the austenitizing temperature is tooftovsignificantdissolutionand diffusion of carbon from
graphite nodules. Using ductile iron with ferriearlite matrix, Druschitz et al. suggested thab@arfor

the austeniteomes from the carbon in pearlite. Thus undesdlgenditions, the diffugin from carbon

from the graphite nodules is limit¢d7].

The partitioning of alloying elements like manganese, nickel, copper in the austenite is limited due to low
diffusivity of these elements at the intercritical temperature rf2ge?23]. Very few studies have been
conducted on the segregation of these elements in dual phase ductile iron. But referring to the studies
conducted on duglhase steels, it is #ato assume that, austenite formed by dissolution of pearlite has
higher concentration of manganese due to dissolution of-feargganese carbid®mplexesand those

formed near the graphite shows elevated concentration of copper or nickeldetichform carbides in

ferrous alloys.



1.4.1.1 Intercritical heat treatment in dualphase ductile iron

A chronological study of experimental intercritical heat treatment effectively demonstrates the evolution of
IADI. In 1981, Wade et al. made the first known attemptctieve a dual phase ferritiusferritic matrix

in ductile iron. The starting material haderritic microstructure. It was austenitized in #iagle phase
austenite regigrthe holding itme being shoraind hence the material was only partially austesuti The
volume fraction of austenite was thus a function of holding time, the nucleation being limited to the areas
surrounding the graphite nodulemdthe carbon being supplied solely by the nodules. The resultant

microstructure had duplex matricesvafrious proportions consisting mainly of ferrjiearlite.[28]

In 1988, Kobayashi et al. used ductile iron alloyed with siliconkelj manganese and copper, and
austenitized it in the intercritical range. The treatment was followed lyueiiching and austempering

yielding a mixed microstructure composed of ferrite, bainitic ferrite, and austenite. The resultant product
showed anmproved toughness achieved by strengthening the intergranular area and the areas surrounding

the graphite nodules which were the primary sites formicroac k i ni ti ati on. An fdAabn
to the TRIP effect i n tvddeueoths dsealdpprapria bllayingedements.s al ¢

[29]

Aranzabal et al. also employed intercritical austenitizing of fully ferritic dudtde followed by
austempering in thapper bainitic temperatumange. The resultant microstructure was ferdaderrite.

The heat treatment was done at constant intercritical austenitizing temperature, while variation of volume
fraction of ausferrite in the structure was achieved by using different the silicon ashielmichanges the
ferrite-austenite transformatiolemperature On comparison with existing grades of ductile iron it was
observed that th&errite-ausferritic matrix showegield strength comparable to pearlitic ductile iron and
ductility comparableo ferritic gradeq7, 8]. High tensile strength (850MPa) and elongation to 20% was

achieved by this treatment.



Kilicli and Erdogan also did intercritical austenitizing followed by austempering on a fully ferritic ductile
iron. The temperature in this case was varied and the chemistry was kept constant. Increase in intercritical
austenitizing temperature showed aorease in austenite and decrease in the amount of ferrite as can be
predicted by the lever rule. Also, increasing the austenitizing temperature increased the concentration of
carbon in austenite. The final product had better ductility that conventioriadi#Dyield strength similar

to pearlitic grade ductile irof2, 26]. Basso et al. used different intercritical austenitizing temperature and
austempering temperatures amalioyed ferritic ductile iron and concluded that the mechanical properties
were predominantly determined by the intercritical austenitizing temperature and that the final

microstructure was dependent on the austempering tempdi@ture

Druschitz et al. used dntercritical austenitizing temperature ranging from 720to 770 C followed by
austempering at 336 to 400C for ductile irors of various alloy chemistries. The ductile irons were alloyed

with silicon, manganese, nickel,mmer and molybdenum and had a fergearlite microstructure before

heat treatment. The authors concluded that hardness and strength in the alloys were linearly proportional
and increasing the austenitizing temperature increased the strength. AustetepapeEgture was found

to have little effect on the tensile properties, but it improved the machinability, fatigue life and resistance

to environmental cracking when compared to conventional[810-14, 30-32].

To sum up the effect ofifferent heat treatments, figurk5 demonstrates a comparative study of the

mechanical properties of various grades of ductile iron based on the heat treatment regime.
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Figure 1-5: A comparative study of effect of heat treatments on the meché&al properties of ductile
iron.

1.5 Alloy Chemistry

The chemistry of ductile iron is the most important factor contributing to the shape and distribution of
graphite nodules and also the response of the matrix to various heat treatments. It is prob&bly true
comment that almost all the elements in the periodic table have some effect on the microstructures and

properties of ductile iron but the elements with significant importance are discussed in this section.

The Sorelmetal Book of Ductile Irgii7] classifies the elements by their influence on microstructure as

follows:

1 Primary elemets: carbon, silicon, manganese, sulphur, phosphorus
1 Spherodizing elements: magnesium, cerium, lanthanum

1 Matrix controlling elements: copper, tin

1 Alloying elements: nickel, molybdenum

9 Carbide promoting elements: chromium, vanadium, boron, tellurium
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1 Subversie or graphite shape deteriorating elements: bismuth, aluminium, lead, arsenic

antimony, zirconium, nitrogeetc.

1.5.1 Carbon and Silicon

The carbon content in any form of cast iron is abowé.%. For ductile iron, the carbon levels usually fall
between 3.8.9wt. %. Apart from carbon, the only other chief alloying element is silicon. Silicon promotes
graphitization and hence helpappresgarbide formation, thus significantly increasing sttbngscast

ductility and hardness. But silicon has a negative effect on impact tougdinesst raiseshe ductile

brittle transition temperature. This effect is most pronounced in ferritic ductileaisdhe impact toughness

of pealitic or ferritic-pearlitic grades are already considerably lower. The optimal level or recommended
target level of these two elements are determined by the Hendersen Djiagfawhich gives a window

so as to prevent shrinkage, graphite floatation during casting, poor impact toughness and white iron
formation. Alsq silicon is typically maintained inange of 22.75% to maintainacceptable carbon

equivalent, wher€E= %C+ 1/3 (%Si)

1.5.2 Manganese

Manganese is added in to ductile iron primartity increase hardenability ithe ascast condition.
Manganese promotes irararbide formation and some manganese forms substituional carbides, usually
(FeMn)sC. Manganese is a very good austenite stabil&nce it pushes the peaglgtart curves in TTT
diagrams to longer times so that slower cooling from austenite can still lead to formation of martensite. But
it must be noted that, a lot of manganese is needed to promote austenite formation ampenatare.

Manganese also segregates at the last areas to solidify.

1.5.3 Sulphur and Phosphorus
Sulphur has a very strong affinity for magnesium, which is the primary nodulizer for ductile iron and readily

leads to the formation of stable magnesium sulphidetdSprevent excessive consumption of nodulizer
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alloys, the sulphur concentration of the melt is kept well below 0.020% for MgFeSi treatment but can be

higher for pure Mg treatment.

Phosphorus may have a detrimental effect on mechanical propertieshétassis a pearlite promoting
element in cast iron and can lead teHreutectic products. Increased concentration of phosphorus beyond
0.03% can cause severe embrittlement of the matrix due to segregation of phesphghase in high

energy areas likgrain boundaries and graphite boundafies.

1.5.4 The Spherodizing or Nodulizingelements
Magnesium is the principle spherodizing element leading to formation of spheroidal graphite. In addition,

magnesium is also a vergtentdeoxidizer of the melt.

Magnesium has a low melting point (10€) and the temperature of molten iron magah more than
1500C. Also, pure Mg has lower density than iron. Saddition of elemental magnesium is tricky due to
increased loss of nodulizer and atheeto the fact it will float on the surface rather than sinking at the
bottom[16]. So, ferrosilicoralloys enriched in magnesium added to the melt to overcome this difficulty.
Cerium, lanthanum and other rare earth elements can also bénubedFischer converter, magnesium in

elemental form is used often.

Use of excessive manganese, above about 0.06% , may lead to the formation of carbides, porosity and dross.
The risk increases with lower solidification rate, and thicker sections are more prone to carbide formation,

low noduk count and other defect

1.5.5 Alloying elements and matrix controlling elements
Copper is a pearlite enhancer which shows no tendency to form carbides. Thus, in pearlitic ductile irons it
enhances the mechanical properties more efficiently than manganeads lto formation of finer pearlite

improving the agast hardness and strength. The only drawback is currently the cost of copper.
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Tin also serves the exact same purpose as copper. The only differencdarisexaess of 0.1% may

segregatalong the grim boundaries and cause embrittlement.

Nickel is a very good austenite stabilizer, and is added in large proportions to achilyeaastenitic
matrixin as cast products. In smaller proportionp {(04%), it is added timprovehardenability. If given
a proper heat treatmeitike intercritical austenitizing followed by austempering, nickel containing alloys

may have a ferritaustenite matrix as discussed in previous sections.

Molybdenum has similar effects on hardenabilitp@a&el, but it is a ferrite stabilizer. In addition to nickel,

molybdenum slowshe formation of pearlite in the as cast or isothermally fessited matrix17].

1.5.6 Carbide forming elements and Subversive elements
As stated in previous sections, carbide formation in the matrix is detrimental to the mechanical properties
of the ductile ion. Sq carbide forming elements like chromium, vanadium, boron, tellurium etc. are kept

to a minimum.

When contaminated with subversive elements like bismuth, aluminium, lead, arsenic, antimony, zirconium,
nitrogen, sulphur etc. the nodule count and rholpgy of the graphite is impaired. Flaky graphite
intercellularcarbidesand chunky carbides may form which deteriottsie mechanical properties the

ductile iron.Theeffect of lead can be counteractedtihyaddition of rare earth elements?], others have

a more permanent effect on the properties.

1.6 Austenite stabilizers

The unigie combination of strength and ductilitytie result ofa microstructure of welformed evenly
distributed graphite nodules in a matrix of ferrite and austenite. The austenite can be in form of retained

austenite or ausferrite.

13



Both manganese and nickelr e a u s-dtabilizerd. €hey(bmwaden the austenite domain of a typical
iron-carbon phase diagram. The typical effect of both the elements on phases fields in¢bengatite

phase diagram for a given carbcontent can be given by figutes .
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E.C., ASM, [34]

Manganese, nickel and other austenite stabilizers not only improve the ductility and strength of iron, they
also improve the hardenability, the ability of ferrous alloyfoton martensite. Hardenability is typically
measured as a depth below the surface of a quenched section which shows a hardness of 50 in Rockwell C
scale, corresponding to a particular percentage of martensite in the microstf@&lur&lartensite
containinglarge amounts of carbon is very brittle and thus requires teimgpéefore use. Like carbon,

alloying elements also play a very important role in determining the hardenability of ductile iron. Ferrite
stabilizers like molybdenum, titaniugtc. participates in competing process of carbide precipitation in the
matrix, thereby depleting the austenite of both carbon and the alloying elements, thus decreasing the
hardenability. Moreovercarbide precipitation forms active sites for pearlite nucleation during quenching,

thus decreasing the hardenability even more. Auststatslizers, on the other hand, expand the austenite

14



field and allowfor more carbon to go into solution in the austenite, thus improving the hardenability. During
tempering, austenite stabilizers remain in solid solution in martensite and have a spkdtsolution
strengthening effect. They do not significantly retard the softening process. Ferrite stabiizéosma

fine dispersion of metallic carbides hahigher hardness than martensitkeyslowing down the softening
process Also, due to depletion of the carbon in the martendifeusion of carbon into new cementite

particles is slow, which also decreases the response towards tenjipéfing

Any element which stabilizes austenite in the microstructure can aid in the transformation of that austenite
to martensite during deformation by altering the free energy of transfonnatioh that the process is not

only induced by thermal energy, as in case of heat treatments but also by mechanical and chemical energies,
that is through straining after alloying with favorable elements. More is discussed about this later in the

chaptelin section 1.75, 37-40].

1.6.1 Transformation mechanism and surface free energy
Austenite stabilizeraffectthe transformation the austenite to martensite during deformation, the actual

mechanism is dependemni the Surface Free Energy (SFE) of the alloy system.

Uferrite deforms predominantly by slipping due the presence of numerous slip systems. If the SFE is high,

the width of the extended dislocations will be relatively small further facilitating -stigssnechanisms

[37).

Austenite has many deformation mechanisms, it deforms by slipping and twinning, the pesdame is
determined by SFE of the phase. The SFE, depending on the temperature and chemical cofghsition

determines the width of the extended dislocation.

Most of the deformation in FCC crystals occurs on{fliel} planes. One of the closed packed directions
is <110>but owing to intervening at oms, this dislocat
Shockley Partials irthe <112> system. The deformed area between those two partials represents an

extended dislocatiof87].
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If the width of the extended dislocation is small, it continues to glide in the close packed plane as a single
unit. This area is also calledstacking fault. Lower the SFEyewidth of the extended dislocationl&ger
and the stacking fault will be wider, hence it will be difficult for the fault to glide and it will chose twinning

versusslipping as the preferred mode of deformation.

In figure 1-7, the dislocation with direction [110] has formed two Shockley Partials eachtattfé parent

dislocation in directionp @ and [211] and the faulted region is shaded.

extended
dislocation

Figure 1-7: Extended dslocation formation due to Shockley Partials

The stacking fault in an ABCABC closed packed system is best represented BABB@ith an extra B

plane. The closed packed planes in the zone of the fault, as marked by the shaded zone in 1keé figure

takethe form oftheh e x agon a | cl osed panartemsite has yhe HGP stru¢tuBeArBFA ) . ¢
C system. So the stacking f-marténsite imtherdreassof an bxeendedr y st a
di sl ocati on. T hreartdnsitaito mriersite ourbly twinning &t thellhtersection othe

extended dislocation.

Thus, as the dimensisf an extended dislocation increases, the chance of transformation during plastic
deformation increases. The width of the extended dislocation is degerrhinthe interaction of two

opposite forces, the repulsive force between the <112> nearly parallel Shockley Partials and the surface

16



tension (SFE) holding them together. Similarly, the lower the SFE, greater is the width of the extended

dislocations.

Studies conducted by Schramm and Reed #ibthat manganese, silicon, chromium and nitrogen
decreases SFE and nickel and carbon increases SFE in toarbam systerf89]. So the use of manganese

as alloying element in ductile iron directly increases the likelihood of transformation of austenite to
martensite and nickel decreases it. In other wdtasstability of the austenite durinigansformation is
lower due to the presence of manganese in the ductile iron systertheBuansformation of austenite to
martensite should not begin until the later stages of deformi&tiogh ductility is desiredas martensite
formation at the earlgtages will render the material brittle due to the inherent brittleness of martensite.
Thus, addition of nickel to the ductile irghould banore effective in improving ductilitgompared to the

addition of manganese

1.7 TRIP mechanism in IADI

TRIP or tranformation induced plasticity is caused by transformation of austenite to martensite. This leads
to increase in strain hardening and ductility. During this transformation of metastable austenite to
martensite, there can be considerable chaimghe interral volume of the transformed area, which may

lead to microscopic strain fieldlsat affecthe mechanial properties of the material ome&croscopic scale.

A number of factors govern the stability of austenite in the microstructure. Carbon contergusitémte,
crystallographic orientation of the grains to the strained axis, the volume of austenite in microstructure,
favorable nucleation pointandalloying elements are some of the factors affecting the stability of austenite
[40]. Usualy increasingcarbon content of the austenite increases the stability of austenite. Reisner et al.
concluded that low carbon (<0.8.6% carbon by weight) austenite usually transforms to martensite more

readily, and the resultant martensite does littlerorove the mechanical properties of the maté¢bial

Haidemenopoulos et al. came up with the quantifyy Whichis the strain at which austenite will transform

into epsilon martensite. This strain of transformation was found to be thermodynamipaltgldet on the
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yi el d s, the natp oftoctahddral stress on the crystal to the effective strgsshe effective

volume of the austenite (INVp) where N is the number of all probable nucleation sftar martensiteand
Vyis the averageolume of particles and (Ni) denotes the% of alloying element, in this case nickel,

used for stabilizingheaustenite. For nickethe relationship igiven by equation p4Q].
- A Mcpmivie —— PpT@I 0&HQ ™0 Q] 2)

From the above equation, it can be seen that, increasing the yield strength of the ductile iron alloy raises
the strain required for transformation, while increasing the effective volume of auatahiteight percent

of the alloying element, which in this case is nickel, decreases it, Withsa constant weight fraction of
austenite stabilizers and for a given austenite volume fraction with similar probability of nucleation, the
yield strength oftie material plays a very important rahedetermining the strain at which transformation

from austenite to martensite will take place. Also, according to the equation, greater austenite volume
fraction will be thermodynamically more stable. But studievehghown that, larger austenitelume
fractionmay not necessarily lead to a more stable austenite as the average carbon content of the austenite
will decrease. So an optimal carbon content is essential for the transformation to maddhsitae

equation also displays that proper orientation of the austenite grains to the straining axis given by the

guantity— and the presercofproper nucleation sites for martensitic transformatoren by quantity N

also influences the transformation of austenite to martensite during straining.

Timokhina et al. predicted that the morphology of the austenite also plays a role in detemnitadgjlity

during transformation. It was concluded that coarse blocks of austenite surrounded by polygonal ferrite

would transformto martensite more readily during early stages of deformation while lamellar austenite

present between lathes of bainiteric may be stable up to failui4].

Characterization otie transformed martensite may be challenging in cases. Chemically, the martensite is

similar to theuntransformed austenite. So a microstructure containing martensite and austenite cannot be
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distinguished from each other by chemical analysis tools like, BDger electron spectroscopy and so on.
Crystallographically, martensite has a body central tetragonal structure, which is very close to the ferrite
that is present in the matrix of dual phase ductile iron, but very different from austenite whichdes a fa
centered cubic structure. So, the best way to analyze the transformation is by diffraction methods. The most
popular diffraction methods areray diffraction and neutron diffraction.-bays cannot penetrate more

than the surface layers-{® microns) vaereas neutrons by the virtue of their mass can penetrate deep into

a material generating a better data for analysis of the transformation of aut&hite-situ neutron
diffraction studies can monitor the decrease in the austenite peak intensities along the course of
deformation, thusdeterminingthe exact sess and strain at which the transformation of austenite to
martensite occurs. situ neutron studies combined with a rigid tensile setup can also provide information
about the diffraction elastic constants for various pldd&s Neutron diffraction can also determine the
lattice strainfor the different phases providing an insight about residual stresses during deformation for a
particular phase and prediction of intergranular and intragranular partitioning of stress for various

crystallographic orientations for different phases.

Neutrondiffraction is a popular method for studying transformational properties of TRIR. Zeak et

al. did extensive studies on TRIP steef different chemistries and determined a direct relationship
between the rate of transformation and thermomechpiocakssing of the alloy. It was also predicted that
therate of transformation in TRIP steé not directly dependent on the initial volume of retained austenite

in the microstructurg44-46]. Oliver et al. observed that transformation from austenite to martensite is
preferred for some specific special orientations with respect to the loading axis. They also concluded the
load carried by the austenite was transferred to the martensitg thamsformation which leads to strain

hardening on a macroscopic scigdd|.

Therehas been very littlevork done regardinghe TRIP mechanism in ductile iron. Aristizabet al.
concluded that the transformation is directly related to the intercritical heat treatment as well as the alloy

chemistry. Manganese was predicted to decrease the stability of austenite in th¢l®jatbruschitz et
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al. showed that the diffraction elastic constants for austenite (FCC) ditbaetymatch the single crystal

data. However the diffraction elastic constants for ferrite phase (B&@similar to the predicted data

[48].

Although there are a few studies regarding the stability of austenite in ductile iron, it is safe to assume that

alloy chemistry plays a pivotal role in determining the transformational behavior of itistetter stress.
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Chapter 2 Specific Aims

The aims of the thesis are:

1. Determination othe stress and straiat the starbf the transformation of austenite to martensite
for four different alloy chemistries of intercritically austempered ductile iron.
2. Demonstration of lattice strain anisotropy for ferrite and austenite phases for the examined alloys.
3. Analysis ofthe residual stresses in ferrite and austenite along various lattice plarieg the
course of deformation
4. Demonstration of partitioning aftress and strain betwetire austenite and ferrite phases.
5. Determination of diffraction elastic constants and latfoisords ratio for different planes ithe

austenite and ferrite phases.
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Chapter 3 Materials and Methods

3.1 Alloy Chemistry

In order to determinthe effect of chemistry on the transformational properties of austenite in intercritically
austempered ductile iron, four alloys of different alloy chemistry were chosen. The compdsttien o

alloys is given in Table-3.

Table 3-1: Composition of the investigated alloys in weight percentage

Compositions in wt. %

C Si Mn Ni Cu Mg S Fe

Low Ni 3.64 | 2.17 0.33 0.68 0.72 0.045 0.013 Bal

High Ni 392 | 234 0.33 2.47 0.75 0.040 0.016 Bal

High Mn 3.73 | 2.25 1.59 0.01 0.04 0.046 0.014 Bal

Ni-Mn 3.74 | 2.24 0.91 0.51 0.05 0.048 0.014 Bal

3.2 Production of ductile iron castings

The alloys were produced at the casting laboratothi@dfniversity of Alabama at Birmingham (UAB).

The details of the actuatelting was mentioned by Aristizabal in the materials and method cludbiisr
dissertatiorj32]. Approximately70 pound heats of each ductile iron alloy were produced using low
carbon steel punchisggranular silicon carbide, granular carbon riser, fenemganese, copper turnings
and nickel shot. The chemistry was determined by optical emission spectroscopy (OES) of chilled
samples. Carbon and sulfur were determined by combustion analyses using a Leco C/S analyzer. The
treated iron was poured inMocks made from chemical bondedhdaising 1.5% binder and were

shaken out after approximately 1 hour of cooling.
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3.3 Heat Treatments
The castings were intercritically austenitizedRex Heat Treat Facility in Anniston, Alabanma a
controlled atmosphere and then austempered in a neutrahaltMr. Mel Ostrander was responsible for

all the heat treatments for all the sdesp Details are given in Table23

Table 3-2: Heat Treatment regime for the samples

Intercritical Austenitizing Austempering
Temperature®C) Time (hours) | Temperature®C) Time (hours)
Low Ni 770 4 357 2.25
High Ni 740 4 357 2.25
High Mn 760 4 357 2.25
Ni-Mn 770 4 357 2.25

After the heat treatment the-bocks were machined intoound tensile samples for igitu neutron
diffraction studies at VULCAN, Spallation Neutron Source at Oak Ridge Nationa]4%bThe exact

dimensions are given in the Figus4.
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Figure 3-1: Dimensions of tensile sample for irsitu neutron diffraction tests at VULCAN in
Spallation Neutron Source at Oak Ridge National Lab.
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3.4 Spallation Neutron Source-VULCAN

The Spallation Newon Source (SNS) &ak Ridge Mtional Laboratory provides the most intense pulsed
neutron beams in the world for scientific research and industrial development. Negatively charged hydrogen
ions (H) are produced by an ion source. Each ion consists of a proton orbited by two electrons. The ions
are injected into a linear accelerator, which accelerates them from 2.5 to 1000 MeV. The ions are then
passed through a stripper foil, which strips off twecilons from each ion, converting it to a proton. The
protons pass into a ring where they accumulate in bunches. Each bunch of protons is released from the ring
as a pulse. The higinergy proton pulses strike a heawgtal target, which is a containetigiuid mercury.

This leads to spallation of 280 neutrons per proton that hits the target. Corresponding pulses of neutrons
freed by the spallation process are slowed down in a moderator and guided through beam lines to areas
containing highly specializehstruments for conducting experiments. Once there, neutrons of different

energies are used in a wide variety of experiments in different bean{hifles.
Beam Line 7VULCAN:

VULCAN is designed to tackle a variety of problems in materials science and engineering, including
deformation, phase transformation, residual stress, texture, and microstructure studiesu pecsédes

rapid volumetric mapping with a specific sampling vokand a measurement time of minutes for full
diffraction patterns for common engineering materials. The tw80+positionsensitive detectors,
measures the longitudinal and transverse strain components simultaneously. VULCAN opens new research
opportunites for the study of structure evolution at multiple length scales. The beam size can be varied
between 2 ~17 mm horizontal and 0.2 ~17 mm vertical incident slit. Available sample environments and
equipment include a unique load frame capable of raMld loading and fatigue tests with various

furnaces and other controlled environmigstt, 52].
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3.4.1 Experimental Setup

The threaded round tensile sangpl@achined as shown in figurel3vere used for irsitu tensile loading
experiments, that is, measuring the diffraction data while under tensile loading. The tengile@®tisted

of a uniaxial MTS loadrame nounted on the beamline. Figurg£, 3-3 and 34 give a detailed description

of the cave and the overall agi. The round tensile samples were threaded into the grislandh gauge

length extensometer was mountetdtbe sample as shown in figuret3The extensometer was cladded in
cadmium to prevent damage caused by high speed neutron flux. A 50N preload was applied to prevent the
sample from moving during sep. The incident slit was 17 mm horizontal by 12 mm vertical with a sample

to detector distaze of about 2 m. The beam chopper speed was 30 Hz with a detection bandwidth of 2.88

A. Two collimators with 5 mm receiving slits were used to the longitudinal and transverse diffraction

patterns.
[ Cave=S (30 fps] 0 012 16:63:62
. Beam Line
Collimator
(Transverse)
Collimator

(Longitudinal)

MTS tensile set
up

Neutron collector

Figure 3-2: Overall experimental setup in VULCAN sample cave
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Figure 3-4: Samplesetup and alignment

After clearing and securing the cave for safety, the neutron beam aperture was opened and the sample was
scanned for alignment. Horizontal alignment was done by eye estimation, making sure the center of the
gauge length of the extensetar was aligned with the beam aperture as given by the-ltaoss For

vertical alignment, a scan was run long the vertical axis and the intensity was plotted against vertical
location. The intensity points were plotted, and the location along thealextic corresponding to the

mean intensity was aligned with the beam line aperture. The perfectly alignee ssusipbwn in Figure

3-5.
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Figure 3-5: Alignment of the sample with the beam aperture by eye &mation and alignment scan

After alignment, preorogrammed stratgontrolled tensile tests were run for each of the samples. The high
nickel, low nickel and the nickehanganese samples were strained to 15% in tension and the high
manganese samples wetaiied to 5% in tension. A detailed loading sequence for each of the samples is
given in Table3-3 (a) and (. The loadingunloading cycle were chosen to demonstrate the change in

loadingunloading modulus after transformation, if any, at various levels of straining.

After the experiment, the samples were carefully examined for any residuabcigity with a Geiger
counter. All the samples read <50,000 counts per minute, so were safe for handling. The samples were then
removed from the cave, stored in labeled bags in the ORNL facility for further inspection and were finally

cleared and returned after 3 montbisanalysis.
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Table 3-3 (a): Tensile test cycles for the sampldsaded to 15% elongation

e | Soetnar | T ess P convor | Rate | (e | ot ume
Hold 100 N (force) load 4
Load to 7500 N (force) load 150 N/min
Load to 2.5% (strain) strain 90
Unload to 100 N (force) load 60
_ Load to 5% (strain) strain 90
Low Ni 14 hours
Unload to 100 N (force) load 60
Load to 10% (strain) strain 90
Unload to 100 N (force) load 60
Load to 15% (strain) strain 90
Unload to 100 N (force) load 60
Hold 100 N (force) load 4
Load to 7500 N (force) load 150 N/min
Load to 2.5% (strain) strain 90
Unload to 100 N (force) load 60
High Ni Load to 5% (strain) strain 90 14 hours
Unload to 100 N (force) load 60
Load to 10% (strain) strain 90
Unload to 100 N (force) load 60
Load to 15% (strain) strain 90
Unload to 100 N (force) load 60
Hold 100 N (force) load 4
Load to 7500 N (force) load 150 N/min
Load to 2.5% (strain) strain 90
Unload to 100 N (force) load 60
Ni-Mn Load to 5% (strain) strain 90 14 hours
(sample 1) Unload to 100 N (force) load 60
Load to 10% (strain) strain 90
Unload to 100 N (force) load 60
Load to 15% (strain) strain 90
Unload to 100 N (force) load 60
Hold 100 N (force) load 4
Ni-Mn Load to 7500 N (force) load 150 N/min
(sample 2) Load to 2.5% (strain) strain 90 14 hours
Unload to 100 N (force) load 60
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Load to
Unload to
Load to
Unload to
Load to
Unload to

5% (strain)
100 N (force)
10% (strain)
100 N (force)
15% (strain)
100 N (force)

strain
load

strain
load

strain
load

90
60
90
60
90
60

Table 3-3 (b) Tensile test cycles for the sampldsaded to 5% elongation

i Time
coompe | Goaano | Dreress e comor | mate | 0 ror e
Hold 100 N (force) load 4
Load to 10000 N (force) load 120
_ Unload to 100 N (force) load 60
High Mn Load to 2.5% (strain) strain 90 8 hours
(sample 1)
Unload to 100 N (force) load 60
Load to 5% (strain) strain 90
Unload to 100 N (force) load 60
Hold 100N (force) load 4
Load to 7500 N (force) load 150 N/min
High Mn Load to 2.5% (strain) strain 180 2 5 hours
(sample 2)|  Unload to 100 N (force) load 60 '
Load to 5% (strain) strain 90
Unload to 100 N (force) load 60
Hold 100 N(force) load 4
Load to 70 MPa (stress) load 30
Unload to 100 N (force) load 30
Load to 140 MPa (stress) load 40
High Mn Unload to 100 N (force) load 40 7.5 hours
(sample 3) _ _
Load to 1% (strain) strain 90
Unload to 100 N (force) load 60
Loadto 2.5% (strain) strain 90
Unload to 100 N (force) load 60
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3.5 Analysis of results

After the data was gathered, it was processed using the VDRIVE (VULCAN Data Reduction and Interactive
Visualization) software in the SNS analysis portal. This softwaikage performthe neutron time of

flight data reduction and visualization for engineg diffractometer in the VULCAN facility. This also
includes subprograms for different data reduction processes, sequential data analysis functions,
visualization as well as synchronization of neutron and experimental data and generates outputs for GSAS

analysis in a more professional settifsg]

Each experimental run was chopped into 120 seconds sections using the VDRIVECHOP function, and the
new data were binned in the server. All further analysis was done on the binned data. The steps of the

analysisncludes

9 Calculation of true stress and strain

1 Generation of the-dpacing data

1 Analysis of the diffraction data

9 Calculation of volume fraction of austenite

9 Determinatiorof true stress antluestrain at transformation,
1 Calculation of elastic diffraadtn constants

9 Calculation of esidual strains in the phases

3.5.1 Calculation of true tress and true strain
The tensile data generated by the data acquisition system was engineering tensile data. In order to do further
analysis, the true stress and true stnaia s cal cul at ed. The t framethe st r ai n

engineering strain (e) using Equation 3.

- 17 © (3)
After calculating the true strain, it was used to calculate the true stress. In order to calculate the true stress,
the true cross sectional area and the load on the sample was used.
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The acquisition system recorded the load (P) along the course ohdéfm. The cross sectional area (A)

was calculated using the initial cross sectionalarga (Aand t he true strain (0)
st r ai nthe(bé galcutateshusing equation 5. After the calculation of the true stressiastiain, the

elastic moduli (E) was calculated using equation 6, at the initial elastic loading and compared with the

unloadload loops at higher strains.

6 — (4)
.- (5)
0 - (6)

Equations 3, 4 and 5 are valid under the assumption that the sample is under plain stress and there is no
necking.Equaions 4 and 5 are not valid for the unldadd cycles during plastic deformation. Also, the
calculation of the elastic modulder the unloadingoading loops differ from the calculation of elastic
modulus during initial elastic loading. The calculatudrrue stress and elastic thdusis explained using

figure 3-6 with the aid of the unloatbad loop for run # 13583 (High Mn) at 2.5% engineering strain. The

strain axis is cropped between 1.9% and 2.6% of engineering stress for ease of explanation.
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Figure 3-6: Engineering tensile data showing the points of interest between 1.9% and 2.6%
engineering strain

In figure 3-6, point 1 represents the point on the tensile axis before the doadyclestarts. Point 2
represents the first point on the unloading cycle. Below point 3, the unloading curve loses its linearity.
Therefore, the section of the unloading curve from point 2 to point 3 denotes the linear region of the
unloading cycle. Point 4 ondhgraph denotes the termination of the unloading cycle and initiation of the
loading cycle of the loop. Sthe section of the unloading graph between points 3 and 4 inean.

Similarly for the loading cycle, the region of curve between pdireind Sdenotes the linear region.

For calculating the true stress for the loop, the instantaneous load and true cross sectional area of point 1
was used for all the points of the loop. The true stress was then calculated using equation 5. This was done
under tle assumption that the unloaditogding loop was purely elastic and no change in cross sectional

area occurred from the initiation of the unloading cycle, till the end of the loading cycle.
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For calculating the elastic moduli for the loop, only the lineatipns were considered. So the data points
between points 2 and 3 and points 4 and 5 were plotted and a linear trendline was drawn, the slope of which
gave the value of the unloading and loading elastic moduli respectively.

To determine the precision tife true stress and true strain calculation, the final ®stonal area of the
samples after the test was compared to the final-sexgtonal area of the samples calculated using equation

4.

3.5.2 Generation of dspacing data

After chopping and binning theata for all the test runs, thesgacing data was generated for tabulation.
With the data visualization program VDRIVEVIEW, intensity versispdcing histogams were generated
for preloading conditionPeaks corresponding to eactsmhcing were carefylltabulated manually by
comparing it with CRYSTMET databa$&4] with known dspacing for iron (FCC,BCC) and carbon
(HCP). Hence the-dpacing data correspondito each plane system for bazigntered cubic iron (ferrite),
face centered cubic iron (austenite) and hexagonal close paoke ¢graphite) was sorted and made into
a database for eh of the tested alloy chemistriebhe tabulated -@pacing data werased for further

analysis.

After generating the database, thepécing data for the entire experimental run for each of thelsa
was plotted into a three dimensional plot and a two dimensional contour plot, using the VDRIVEVIEW

command. This was done to examine any major shifts in peak position or peak merging.

3.5.3 Analysis of the diffraction data

After constructing a databasetbe dspacing data for all the phases for all the different alloy chemistries,

the database was used to analyze the diffraction data. The analysis was done using the general structure
analysis system or GSAS for a single peak fit. This program was rure@ntire database of each of the
samples. The initial peak position was considered as the reference run and the whole system was calibrated

using the vanadium file. The proton charge was also normalized to unity for a more uniform fit for each of
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the peak. After the analysis, the generated data includes, the fitting parameters, the proton time of flight,
diffracted and backscattered intensities, full width at half maximum, strain with respect to the reference
run, and the errors for each of the data withie chopped segment for both the longitudinal and transverse

directions. The generated results were pristine only foravenlapping peaks

3.5.4 Calculation of volume fraction of austenite
The volume fraction of austenite waalculated using the integratedieinsities of each of the phases. The
integrated intensitiewere given by the area under the intensity histogramsveareé calculated using the

peak intensity and full width at half maximum (FWHM).

The calculation is expined with the help of figure-3, where each intensity histogram is treated as an

equilateral triangle, with height as the peak intensity (I). The base width (b) is exaggerated.

ﬁ/ Peak Intensityl)

FWHM (w)

Base width (b) = 2X FWHM

Figure 3-7: Figure representing a single peak histogram with exaggerated base width

For an equilateral triangle, the base width (b) is double the FWHM (w) by geometry. The area of the
equilateral triangle is given by half of base timegght. So, the area under the intensity histogram, i.e., the
estimatedntensity is given by equation 7.
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Estimatedntensity= Area under the intensity histogram
- 0 0 - ¢ 0 OO0 O O0LWOL LR 6 Qs i QO (7)
The estimatedntensities for each set of planes for each of the phases were calculated using this equation.

Once thesstimatedntensities are calculated for all the planes for each of the phases, the volume fraction

of austeni¢ was calculated using equation 8.

Fraction of austenite= (8)

The FCC or austenite planes are representehidy and the BCC or ferrite planes are represented by
(mno). For this analysisa set of FCC and BCC planes were selected after consulting with the ASTM
standard practice for determination of retained austenite in randomly oriented polycrystallinéoyren al
[55]. The set of FCC and BCC planes choggrihe analysis are given irable 3-4.

Table 3-4: Set of BCC and FCC planes chosen for analysis of volume fraction of retained austenite

BCC Planes | FCC Planes
1. 110 111
2. 200 200
3. 211 220
4. 220 220
5. 220 222

The choice of the planes was primarily based on similarity of orientation so that the stress and strain
component of the unidirectional tension is comparable if not similar along the planer directions.

After determination of volume fraction of austeniteing each of the plane sets, the fraction was then
rationalized using the initial fraction of austenite at zero stress for those plane sets. This was done using
equation 9, to enable the comparison of volume fractions of austenite using all the planspdoific

alloy, thus helping to determine the stress and strain at which the transformation of austenite to martensite

takes place.
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Rationalized fraction of austenite= > 9)

The rationalized fraction of retained austenite was then plotted to analyze the stress and strain of

transformation.

3.5.5 Determination of true stress and true strain at transformation

The rationalized fraction of austenite was plotted against the true stress and true strain. The trend of
decreaingrationalized valme fraction of austenite from unityas obsered. The stress athich there was

a marked decrease from the initial volume of austenite was noted as the stress at which transformation of

austenite to martensiteegan Similar studies were also done using the true strain.

3.5.6 Calculation of elastic diffraction constants

Thelongitudinal and transverse lattice strains for the FCC and BCC planes were calculated using the GSAS
single peak analysis in the VDRIVE software. During the course of macroscopic unidirectional tensile test,
the change in the lattice spacing for the p&dinem the initial lattice spacing wajiven as the lattice strain,

as shown in equation 10.

0 Mo d Qb @D et (10)

To determine the elastic diffraction constants, the lattice strain for each of the FCC and BCC planes in both
transverse and longitudinal direction were f@dt againsttrue macroscopic stress. There were very
prominent linear parts in the plots, given by the elastic strains in tfee latid there were ndimearities
indicatingthe strain at whiclihe slip or movement of dislocatisstarts. The elastic difiction constants

were determined by taking the slope of the linear part of the lattice strain plots.

The generated data contains lattice strain data from both the longitudinal and transverse directions to the
loading axis. Hence the Reors ratio was asily calculated by plotting the transverse lattice strain versus

the longitudinal strain and taking the linear slope of the plot.
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3.5.7 Demonstration of residual strains in the phases

The longitudinal and transverse lattice strains for the FCC and BCC plareglatted against thieue
macroscopic strain along the loading axis. The nature of residual stresses in the planes was noted along the
loading unloading cycles, that is, it was noted if any plane was going into compression when the
macroscopic strain wasill zero. It was also noted whether the FCC or the BCC planes bear more strain

under the same macroscopic strain.

3.6 Characterization

Sample preparation and instrument specification for light microscopy and scanning electron
microscopy (SEM):

The samples tested at VULCAN were cut with a low speed diamond saw into approximately 0.5 inch long
sections. Sections were taken transverse to the loading axis (from strained and unstrained locations) and
parallel to the loading axis (strained zone). Thstrained sections were not mounted. For ease of polishing

the strained sections, both transverse and parallel were mounted in black mounting wax, or Mounting Wax
100 supplied from Electron Microscopy Sciences rimmed with a one inch diameter copper tube.

The samples were prepared using standard metallographic procedures. First, samples were ground using
successive finer grits of silicon carbide paper (120, 240, 320, 400, 600 grit)tiidewere polished using

9 micron, 1 micron, 0.3 micron and 0.05 noic alumina suspension. The samples were alternately etched
and polished in between the final 3 steps of polishing, that is polishing with 1, 0.3 and 0.05 micron of
alumina, using 3% nital etchant. After final polishing, the samples were lightly etche@%vinital.

After etching, the samples were examined under light microscope Olymp@d BHA at a magnification

of 500X in order to determine the primary microstructures and regions of interests in the samples.

The samples were then examined using FEINGu&00 FEG environmental scanning electron microscopy.

A high vacuum mode of 6p 1t Pascalsvas used for this purpose. The operating acatiey voltage
was20KeV and astandardspot size was 5 oanalysis. Samples were analyzed at various magnifications

from 500X to 1500X for general inspection and 5000X for special featuresaisakscatteredlectron
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detector. The contrast in the backscattered detector for trendesind the ferrite phases were primarily

due tothe crystal structure and also doethe topography generated due to the difference in etch rates of

the phases, ferrite being etched faster than austenite.

Energy dispersive spectroscopy (EDS) was performed on the samples. Area mapping was done at 1000X
and multipoint scans on the sample=re run at 1500X. Howevedue to a largeeam interaction volume,

the data from the tests were not precise.

Once the electron beam bombards on the sample, the energy of the beam spreads deep into the sample into

a pearshaped volume called beam intdiaic volume as shown in figure&[56].

eléctron beam
10A Auger electrons

50-500A Secondary electrons

Backscattered electrons

,' Secondary fluorescence
by continuum and

” . N

~ — characteristic X-rays

Figure 3-8: Electron Beam interaction volume and signal generation

The secondary electrons are generated from the-5@prfin of the samples, the backscattered electrons are
generated from 0-5 microns and the -xays can be generated from further depth. However, the beam
interaction volume is inversely proportional on the accelerating voltage and the atomic number of the matrix
which correlates to the matrix stopping power, Bas very difficult to get a precise measurement of
chemistry of the phases presastsmall grainsolely by performing EDS analysis.

Sample preparation and instrument specification for transmission electron microscopy (TEM):

TEM analysis waperformedonthe strainedhigh manganese and high nickel sampleviouslytested by
Druschitz et al. athe high flux isotope reactor (HFIR) in Oak Ridge National [48). Sections of
approximately inm length were taken from the tested samples. The samples were ground to 100 micron

width using 600 grit silicon carbide papers. Samples with 3 mm diameter were punched from the polished
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foil for further processing. They were then ground to less than&@musing a dimple grinder. Thehe
samples were made electron transparent usingniimg. For ionmilling, a regular sample holder was

used and it was inserted in the vacuum chamber of the ion mill at a pressurp af 2T orr. Argon iors
wereused to mill the sample under 5KV voltage and 5mA ion beam current. The samples were held at 10
degrees to vertical and rotated 360 degrém approximately 8 hours untthey become electron
transparent. The samples were then carefully removed frosathgele holder of the ion mill and placed in

the sample holder of the TEM.

The Philips EM420 was used under 120KV operating voltage. The system has a tungsten thermionic

electron gun. Micrographs were taken at various magnifications for analysis.
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Chapter 4 Resultsand Discussion

In-situ neutron diffraction tests were performed on sampligh different alloy chemistriegsing uni
directional loadingunloading tensile tests. The data was collected and analyzed as discussed in the

previous chapter. The results oéthnalyss are tabulated in this chapter.

4.1 True Stress and True Strain

Engineering strain is calculated assuming the cross sectional area remains constant during straining, but for
accurate analysis, this assumption is not valid. As a correction, true straalculated using the
instantaneous cross sectional area. The true stress is calculated in this case assuming the volume remains
constant for a material before necking. True sttess strain analysis gives a more realistic and accurate

view of the ensile behavior of the material.

The details of calculation are explained in sec8dnlof previous chapter. The comparison between the
true tensile curve and the engineering tensile curve faditiMn alloy isdisplayed in figures 4.IThe rest

of thecurves are provided in Appendixas figures Al to A-6.

Mn Ni (sample 1)

800

700 )
__ 600 - ——
g
?_, 500 -
»n 400
éBOO I
Z |

200 ,

100

0 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
strain

Figure 4-1: True stresstrue strain curve (blue)and engineering stressengineering straincurve
(red) for Mn Ni alloy sample 1
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From the abovdigure, it is evident that the calculated true strain is lower than the engineering strain
whereas the true stress is higher. The tensile curves of the low nickehalpgendix A figure A-1 show

some kinks in the tensile graph due to flawed MTS prognang. After the initial unloading at 2.5%
engineering strain, it was supposed to be loaded to 5% strain in 1.5 hour, buh gusgt@mming error it
started tdeloaded to 5 mm elongation in 1.5 hour. The error was quickly noted and the system \gds paus

and the programming error was promptly corrected.

The high manganese samplea& shown in figure 4 was programmed to follow the strestsain cycle as

given in table & of previous chapter. But the sample failed at 3.466% strain stopping the exguterim

The accuracy of the true stress calculation is directly dependent on the accuracy of the true strain
calculation. This quantity can be judged by the difference between the calculatédfimateravhich can
be calculated bgiven by equation 11. Tab4-1 gives the differences in calculated and measured values

of the final diameter.
0RETWAGE QR QT T 4 Hp (11)

wherethe'Q is the initial diameter and is themaximum true strain.
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Table 4-1: Calculation of % difference between measured and calculated diameters

Initial Cdculated Measured Difference
Samole Diameter True Strain Final Final Difference | (% relative
P (in mm) (absolute) Diameter Diameter (in mm) to initial

(in mm) (in mm) diameter)
Low Ni 6.345 0.133 5.03 6.0 0.16 242
High Ni 6.343 0.133 5.03 6.07 0.14 216
('S";@r’g‘p'l\"enl) 6.382 0.043 6.24 6.29 0.05 071
(;I;?Ep?gnz) 6.3D 0.034 6.24 6.28 0.04 0.71
(;'ﬂp'l\g”?)) 6.347 0.021 6.28 6.31 0.03 0.46
(S'\a"ri‘]p'\llé | 63D 0.134 5.96 6.04 0.08 1.30
(S';"r?]p'\l'é ,| 63% 0.134 5.92 6.01 0.09 1.37

Table 41 shows there imo more than 2.5%lifference in calculatioof final diameter usingrue strain.

The original strain was much lower than the calculated true stffai@volume expansion for each samples

are exfained in table 2.

Initial Volume= V; = &

Final Volume= V= o

Volume expansion=§ Vi

OI’, Vs Vi =

OI’,Vf Vi =

. aQ
% Volume expansior

- aQ

“ ’Q
T

aQ

T

aQ

(12)

(13)

(14)

42




Or, % Volume expansion ( at p) pTT

aQ

Or, % Volume expansior {exp ¢) (Q p) p 1 Q¢ a&)é) Q) (15

Q

Equations 12, 1314 and 1®xplains the volume change taking into consideration of true straify] and
d represents the volume, length and diameter of the sample with subscripts i denoting the initial value and

f denoting the final value.
Table 42 shows the change in volurfer all the alloys tested.

Table 4-2: Volume expansion during straining

Initial True Calculated | Measured Difference | Apparent
: . . 0 )
Sample | Diameter| Strain _Fmal .Flnal leference (% (e!atll\/e to Volum_e
(inmm) | (absolute) D_|ameter D_|ameter (in mm) _|n|t|a Expansion
(in mm) (in mm) diameter) (%)
Low Ni 6.345 0.133 5.93 6.09 0.16 2.42 5.23
High Ni 6.343 0.133 5.93 6.07 0.14 2.16 4.60
HighMn | 5385 | 0.043 6.24 6.29 0.05 0.71 1.40
(sample 1)
HighMn | ¢ 2 0.034 6.24 6.28 0.04 0.71 1.35
(sample 2)
HighMn | 6347 | 0021 6.28 6.31 0.03 0.46 0.93
(sample 3)
Mn Ni 6.3 0.134 5.96 6.04 0.08 1.30 2.80
(sample 1)
Mn NI 6.335 | 0.134 5.92 6.01 0.09 1.37 2.90
(sample 2)

TheInterrupted tensile tests were perforneedow Ni IADI, MADI and low carbon steel to measure the
diameter at various strain levelghe change in diameter fdiable 43 shows the change in diameter and
volume in case of the Low Ni IADI sample at various strain lev&isilar data for the low carbon steel

and MADI is provided in table A and A2.
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Table 4-3: Difference in diameter and volumeat various strains for High Ni IADI

Engineering True Diameter Diameter Difference Differ_er_u_:e Volume

Strain Strain Cr_;llculated M_easured (in mm) (% of initial change%
(in mm) (in mm) diameter)

0.0000 0.0000 6.30 6.30 0.0 0.00 0
0.0002 0.0002 6.30 6.30 0.0 0.01 0.0
0.0010 0.0009 6.30 6.0 0.0 0.05 0.100
0.0050 0.0049 6.28 6.29 0.010 0.09 0.181
0.0100 0.0099 6.27 6.28 0.010 0.179 0.361
0.0250 0.0247 6.22 6.23 0.010 0.116 0.236
0.0500 0.048 6.15 6.18 0.0 0.506 1.039
0.0451 0.0440 6.16 6.18 0.0 0.275 0.564
0.0750 0.0723 6.08 6.11 0.0 0.536 1.114
0.1000 0.0953 6.01 6.04 0.0 0.528 1.111
0.0942 0.0900 6.02 6.04 0.0 0.276 0.57
0.1251 0.1178 5.94 5.98 0.040 0.642 1.366
0.1501 0.1398 5.87 5.91 0.00 0.561 1.207

Thus, the volumehange of about 2%er all the 3 materialean be explained by the deviation from the

assumption of constant volume fralculation of true straior sample measurement ecror

Thechange in volumean be a result of increase in volume during phase changecagalse in the volume

of voids in the austenite phase due to prolonged exposure to high speed neutrons. Chopra and Rao explains
that material chemistry has a significant effect on the void swelling in FCC phases[ii7radowever,

this phenomenon can only occur in case of high speed high flux neutron beams which was not used for this
experiment. The change in diameter can be explameguhrt by possible error in measurement as the
difference in the diametersof the order of the sensitiyi of the calipers which is 020mm.The apparent

change in diameter and volume if anyedo transformation is very low and in the range of experimental

error. The martensitic transformation can result in some expansion of volume due to shear strain fields as
developed around the carbon atoms due to accommodation of excess carbon in the crystal lattice as

explained by Ahlef58].
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4.2 Loading and Unloading Elastic Moduli

Transformation from one phase to anotiigually leads tachange in elastic modulus of the material. But

the change in the elastic modulus depends on the amophaségpresent in the matrix as well as how

muchactually transformsin order to inspect the effect oatrsformation on the modig of ourmaterial,

the slope of the linear region of the loadingoading cycles foeachtensile testvasmeasured.

Figure 47 displays the calculated elastic moduli, given in MB®aNi-Mn (sample 1) The rest of the

figures are provided in Appendixds figures Bl to B-6.

800 -
true stress (MPa) y = 145171x 19576
700 - y = 143862x 13096
500 y = 151414x 6792
| y=156296%3317.5
500 -
400 -
300 -
y = 164591x + 8.8997 X
2
00 X y = 152134% 13725
100 . y = 157284%6981.7
y = 158241% 3292.3
0 . - - - ' ' ' true strain
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
< initial loading W unloading 2.5 loading 2.5 X unloading 5
X loading 5 unloading 10 loading 10 unloading 15

Figure 4-2: Modulus data for Ni Mn alloy (samplel) showing linear region of loading/unloading

cycles

It must be noted that all the modulus calculations are done using the &s® atidrue strain. The

calculations were done using the method explained in the previapgec with the help of figurg6. The

loading and unloading moduli for eachtbé rurs are tabulated in Talde44 to 410 for each of the runs

with the variancef the loading and unloading moduli at a particular strain.
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The variance is calculated to give an insight of how much the elastic modulus chang¢lseatmngse of

transformation and whether there is enough transformation happening to change the subdtdunsially.

In most cases of cyclic loading, there is about 5% change in modulus even if there is no transformation.

Table 4-4: Elastic Moduli data for low nickel alloy

Low Nickel
Strain Loading Unloading Diff. between | E as PE as
Modulus | Modulus(GPa) loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 167
2.50% N/A 152 N/A N/A N/A
5% 159 151 8 5.03 5.30
10% 159 145 14 8.81 9.66
15% 142
Table 4-5: Elastic Moduli data for high nickel alloy
High Nickel
Strain Loading Unloading Diff. between| @E as MPE as
Modulus Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 163
2.50% 158 161 3 1.90 1.86
5% 159 154 5 3.14 3.25
10% 158 151 7 4.43 4.64
15% 149
Table 4-6: Elastic Moduli data for high manganese gample J
High Manganesesgmple )
Strain/Load Loading Unloading Diff. between| @E as PE as
Modulus | Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 161
10,000N (load) 171 171 0 0.00 0.00
2.50% 156 153 3 1.92 1.96
5% 145
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Table 4-7: Elastic Moduli data for high manganese gample 2

High Manganeses@émple 2
Strain Loading Unloading Diff. between| @E as PE %df
Modulus | Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 176
2.50% 169 155 14 8.28 9.03
Table 4-8: Elastic Moduli data for high manganese gample 3
High Manganesesgmple 3
Strain/Load Loading Unloading Diff. between | @E as pE as
Modulus | Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 172
10,000KN (load) 176 171 5 2.84 2.92
1% 168 161 7 4.17 4.35
2.5% 155
Table 4-9: Elastic Moduli data for nickel manganese gample )
Nickel Manganesesémple }
Strain Loading Unloading Diff. between| @E as MPE as
Modulus | Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 165
2.50% 158 156 2 1.27 1.28
5% 157 151 6 3.82 3.97
10% 152 144 8 5.26 5.56
15% 145
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Table 4-10: Elastic Moduli data for nickel manganese gample 23

Nickel Manganesesémple 2
Strain Loading Unloading Diff. between| @E as MPE as
Modulus | Modulus(GPa)| loading and loading E unloading E
(GPa) unloading E
(pE) i
0% (initial) 175
2.50% 165 158 7 4.24 4.43
5% 159 155 4 2.52 2.58
10% 157 152 5 3.18 3.29
15% 149

Figure4-3 and4-4 shows an elastic modulus vs strain plot for all the samples to sum up the observation

from tables4-4 to 1Q for loading and unloading moduli respectively.
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Figure 4-3: Elastic moduli vs. Engineering strain for all alloys for loading cycles showing the trend
in Elastic moduli
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level. It was observed that for most of the cases the percentage variance is less than 5%. The loading

modulus is usually higher than the unloading modulus at the same strain, with a few exceptions.

Overall, there is a decreasingrtden the loading and unloading elastic moduli with increasing deformation.

Also, the modulobserved for different samples of same alloys is essentially same.

The high manganese samples have the highest overall modulus, followed bynwdokginese samgle

high nickel sample and lastly low nickel sample.

The loading and unloading modulata forthe tensile test olow Ni IADI and low carbon steelithout

any exposure to neutrons guetted in figure 43 and 44, and aremarked in the legends as Low New

and Low carbon steeThe loading and unloading moduli for these samples showed a decreasing trend

The low carbon steel does not undergo any transformation but still displays a decrease in modulus with
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increasing strainSo this observation is a general property of materials and cannot be solely attributed to
the transformation from austenite to martensite in IADI. Also, this is observed in the low nickel IADI tested
without exposure to neutrons. So, it can be concludsdtik decrease imoduli for the tested alloys should

not beattributed to neutron exposure.

4.3 D-spacing data and whole spectral analysis

The spectral analysis was done using the VDRIVEVIEW functiothéVDRIVE software package as
discussed in the previeuchapter. The diffraction data along with the tensile data was chopped into
segments of 2 minutes. Using the VDRIVEVIEW functiare can view the intensity histogram for any
one of such segments, other wise Kk hoinensityhistogiams ns 0
for a series of consecutive runs in a 3 dimensional plot, for visual inspection of intensity as a function of
time. The histogram for the initial run, that is for the first 2 minutes of diffraction and tensile data was used
as a refrence to create the data banks of peaks at varispadings, which was then used for single peak

fitting using GSAS.

Figures4-5, a and b show the intensity histogramshe transverstor the initial run and the final run for
Ni-Mn sample lrespectivly. The intensity histogram for all the other tested samples is provided i
Appendix G section G. The peak locations were zoomed on to determine the exagmAdaing for each
peak which was then tabulated in banks containing peak Ha¢adspacing datdor FCC, BCC and
Graphite (HCP carbon) is tabulated in Appendix C in sectigin The histograms can be generated for
both the longitudinal and transverse dii@as$, but dspacing and intensities weasibmost the same for both

the banks.
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Figure 4-5: Intensity histograms for (a) run 1 and (b) run 400 for nickel manganese alloy (sample 1)

The above figure and the figures in the appendix sugfest®lthough there is almost no change in the
peak positions there &considerable change in the intensities. Even if the changspaadng cannot be
seen in these figures, single peak fittangplysis showed that thesgacings do change in the course of

straining of the samples due to lattice strains.

But the change in the peaki@nsities is quite high and is clearly visilldg the progressive reduction of
intensity in the austenite peaksdaan increase in intensity of the ferrite peaks. This is because of the
transformation of faceentered cubic austenite to becisntered tetragonal martensite. The tetragonality of
the martensite is dependent primarily on the carbon content of the pastatite phase, which in this case

is very small since martensite is close to the structure of-bedtered cubic ferrite, a rise in the intensity

of the ferrite peaks occurs during straining.

The initial intensity histograms, for run 1 or 2 are usedetoegate databanks for FCC (austenite), BCC
(ferrite) and carbon peaks by comparison with standard crystallographic data, which are used for single

peak fitting as discussed in the next section

Another use for the VDRIVEVIEW command is to inspect the diaruof intensity histograms over a

range of chopped runs or time segments. This data can display the evolution of intensities along the course

51



of unidirectional straining of the sample. The generated figures are a three dimensional surface and a
correspoding contour plot for the surface. The surfatet for the NiMn sample is given iifrigure 46.

Theother surface plots are in Appendix C in sectiei.C
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Figure 4-6: Surface plot for nickel manganese &by (sample 1)

The surface plots are coloodedwith red being the highest intensity and blue being the lowest. These

surfaces can give an idea about the increase or decrease in irdariaiggleformation.

The surface plots of the intensity histograsne a tool to observe the increase or decrease in intensity of
each of the peaks. The decrease in peak intensity lead$etyease in the integrated intensigsuming

there is no peak broadeninghich can be related to the volume fraction of the phradee matrix that the
histogram represents. For example, hypothetically if the peak intensity corresponding to FCC hkl plane
decreasg along the course of deformation while all the other peadintainedconstant intensity, itould

be concluded that theolume fractionof theaustenite phase in the matvisas decreasing. This marks the

transformation of the austenite phase.

The dspacing for thgplanesalso changes aihg the course of deformation, the change correspotalihg

lattice strain in diffeent planes. But the change is so small it is not evident in the figures.
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The increase in the intensity of BCC 110 peak (close to 2 angstomt)eadetrease in the intensity of
FCC 311 peak (close to 1.25 angstoms) is particularly noteworthy for all the alloys. However, sudden jumps
in intensity for the whole spectra, as observed in figitd for high manganese alloy sample 3 is due to

the sudden icrease in power of the neutron beam.

The VDRIVEVIEW command is also capable of zooming in on a rangespédings to inspect the merging

of peaks if any. On closer inspection, it was found that the 111 FCC (austenite) peak merges with the 110
BCC (ferrite peak along the course of deformation for all the high manganese sdfigless 47 to 49

(a) provide a closep view of the dspacing data from 1:Z.2 angstromfor the high manganese alloy
samples 1,2 and 3. Figurds/ to 49 (b) showthe contour mas in the same samples displaying the

progressive merging of the peaks.

3000
2500

g

1500
1000

Intensity

Figure 4-7 (a): Intensity histograms from start run=1 to end run=165 for High Mn alloy (sample 1)
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Figure 4-7(b): Contour plot for the surface in figure 47(a) displaying the merging of FCC 111 and

BCC 110 peaks
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Figure 4-8 (a): Intensity histograms from start run=1 to end run=200 for High Mn alloy (sample 2)
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Figure 4-8(b): Contour plot for the surface in figure 48(a) displaying the merging of FCC 111 and

BCC 110 peaks
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Figure 4-9 (a): Intensity histograms from start run=1 to end run=220 for High Mn alloy (sample 3)
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Figure 4-9(b): Contour plot for the surface in figure 4-9(a) displaying the merging of FCC 111 and

BCC 110 peaks

In figures4-7 to 49, the zero intensity is represented by the color violet, which is equivalent to background
radiation. The base of the peaks, the broadest part, which is just above the violet background are color
coded blue. Iexaminedcarefully, it can be observed alotige course of deformation, represented in this
case by time or run number of the y axis of the contour plots, the base of the intensity histogram for FCC
111 plane merges with that for the BCC 110 plane, marked by the disappearance of the violet strip

sepaating the base of the two histograms.

Table 411 gives an estimated time, stress and strain during the observed merging of the intensity
histograms. The stress and strain data is from the generated truérsgassin curve. However, this stress
doesnotrepresent the stress at which the actual transformation occurs. This stress represents the stress at

which the transformed martensite starts to show BCT structure, which is similar to BCC ferrite.
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Table 4-11: Run number, time, stress and strain during observed merging of FCC 111 intensity
histogram with BCC 110 intensity histogram.

Approximate Time elapsed
Sample Number PP from start of the | True stress (MPa] True strain (%)
run number . .
tensile test (mins
High Mn (sample 1) 120 240 566 1.50
High Mn (sample 2 165 330 687 3.12
High Mn (sample 3 190 380 621 2.28

The austenite phase transforms to martensite during straining. Martensite exhibits a body centered
tetragonal crystal (BCT) structure, which is very close to the body centered cubic (BCC) structure of ferrite.
The tetragonality of the BCT martensite iostyly dependent on the carbon content of the parent austenite.

If the carbon content of the austenite is very low, the tetragomalitpot be pronounced59. So, the
diffraction peak generated by the martensite aeey close to the ferrite peaks. The merging of the FCC

and BCC intensity histograms can be explained by the transformation of FCC austenite to BCT martensite,

which as explained possesses a crystal structure very close to BCC ferrite.

The peak merging heever is observed at a much higher stress than the stress at which the transformation
occurs marked by the decrease in the integrated intensities of austenite which will be discussed further in

next section.

4.4 Stress and Strain at Transformation

4.4.1 True stressat transformation

The primary goal of the research was to determine the stress and strain for the start of the austenite to
martensite transformation. Transformation of metastatistenite to martensite occurdaring tensile
strainingfor all the testedalloys. The amount ofustenite at different stressessmealculated using the

integrated intensity for different peaks based on the method discussed in 3¢ction
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The rationalized amount of austenite as calculated using equations 8 and 9 is ghittstitaue stress in
figures4-10 and 411 for Ni-Mn alloy (sample 1)For clarity of the stress at transformation, the unloading
loading cycles have been removéte data for the other alloys can be found in Appendix D, figurés D

to D-6.

The intensityand FWHM data for this graph was generated by single peak fit (SPF) method. The command
VDRIVESPF is used to generate the single peak fit data in VDRIVE. Babkygives the approximate

true stress at which the transformation of metastable austenit@tensite begins. This stress is marked

by the decrease in fraction of austenite, which is expressed as a peradntdtipl austenite fractiarmhe

calculations were done based on the peaks specified by the ASTM standarayadiXraction[44].

Figure 410 demonstrates the decrease in the ratipedlvolume fraction of austenite for all the peaks in

Ni-Mn alloy (sample 1).
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Figure 4-10: Rationalized fraction of austenite vs true stras forNi-Mn alloy (all peaks)
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For visualclarity only the FCQ20 and BCC 220ral 211 are ch@n and display in figures#1, 413 and
D-1 to 12 These two peakslso provide the best data for determination of the true stress and strain at
transformationln figure 411 these two peaks are shown forMn alloy (samje 1) and the figures for

the rest of the samples are pdwd in Appendix D in section D.
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Figure 4-11: Rationalized volume fraction of austenite vs true stress for NMn alloy (sample 1)

From figure 411 and figures Bl to 6, whichshaw the rationalized version of austenite with respect to true
stressit can be observed thall the considered peaks showdstreasgin the amount of austenite with
increasing strain. The true stress at which the transtiom starts is represented by the decrease in the
rationalized amount of austenite. The calculation of volume fraction of austenite igusantitative. Thus
it is rationalized using the initial volume fraction of austenite equals to unity. So, thhedatdoes not
reflect how much austenite was there in the matrix before and after strainingddes igivean estimate

of how much austenite, relative to the initial amount has transformed to martemsigetensile loading.

Table 412 has the stresst transformation for each of the different alloys lissdwhg with the published
datafor comparison. However, data published by Druschitz etisgidengineering stress, so for the sake

of comparison we include the engineering stress correspondimgtioié stress at which ttransformation
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begins in Table-42. The comparison between the published stress and the observed stress is given in Table

4-12A.
Table 4-12: Stress at transformation of metastableustenite for all the runs
True Offset True Stress at | Engineering Stres
_ _ _ <or > than
Sample Yield Stress | Transformation | at Transformation _
Yield Stress
(MPa) (MPa) (MPa)
Low Ni 489 535 524 >YS
High Ni 427 570 562 >>YS
High Mn (sample 1) 401 345 340 <YS
High Mn(sample 2) 400 365 358 <YS
High Mn (sample 3) 399 345 339 <YS
Ni-Mn (sample 1) 415 464 457 >YS
Ni-Mn (sample 2) 414 471 466 >YS

Table 4-12A: Published data by Druschitz et. a[4§]

Enaineerin Engineering Stres{ Engineering Stres
Samole Offget Yielc? at Transformation| at Transformation
P (published 42)]) (observed avg)
Stress (MPa) (MPa) (MPa)
Low Ni 498 N/A 524
High Ni 415 N/A 562
High Mn 403 300 345
Ni Mn 432 400 461

The true stress at transformatiogisaterthanthe offset yield stress fail of the materialexcept the high
Mn alloys For all thenickel containing alloysthe transformation occurs right after the material starts to
yield as shown by¥>YS) in the final colummwhere YS is the trugield stress of the materiaBut for high

manganese alloys the transformation occurs before the material starts to yield.
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Thestress at which austenite startexhsforming to martensitg@as differenffor the different alloys. For a
comparative idea of thigtress, Figurd-12is used to plot the rationalized fraction of retained austenite for

the four alloygested It shouldbe noted that only sample 1 for high Mn anelMii alloy is plotted here.

@ Low Ni X High Ni mHigh Mn A Ni Mn

=
N

o
o

o
~

o
(N
1

Rationalized fraction of Austenite
o
(o]

0 100 200 300 400 500 600 700 800 900 1000
True Stress (MPa)

Figure 4-122 Comparison of true stress at which transformation begins for each alloy, using FCC
220 and BCC 220

4.4.2 True strain at transformation
The rationalized amount of austenite as calculated using equations 8 and 9dsagpitist true strain in

figure 413 for Ni-Mn alloy. The plots for other samples are in Appendix D section D.ii.

For clarity of the strain at transformation, the unloadoaging cycles have been removed. The fraction of
austenite is expressed as a percentage of the initial value as calfrolat@degrated intensity data using
equation 8 and 9. Also, as in previous section, only FCC 220 and BCC 220 and 211 peaks are used, the

others being omitted for better clarity.
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Figure 4-13: True strain vs. fraction of austenite (rationalized to initial) for Ni-Mn alloy (sample 1)

Although there is a fixed stress at which the transformation begins for alidivedual materials, the
transformation continues linearly as the strain in@gas evident fra the plotsBut there is a small initial

strain for which there is no change in the value of rationalized fraction of austenite.

Table4-13 has the true strain at transformation listed for each otlififrerent alloys for comparison as

observed from thplots.

Table 4-13: Strain at transformation of metastable austenite for all the runs

Sample True Strain at Transformati¢absolute)
Low Ni 0.010
High Ni N/A
High Mn (sample 1) 0.002
High Mn(sample 2) 0.001
High Mn (sample 3) 0.001
Ni-Mn (sample 1) 0.010
Ni-Mn(sample 2) 0.007
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The true strain at which the transformation occurs fghHli alloy is not available afe neutron beam

was interrupted by power surge. Also, as the order of the strain is very low, it is not conclusivoBu

the above chart it is clear that the transformation approximately starts at similar values of true strain for all
the alloysexcept the high Mn one§or futher inwestigation, Figure 44 is used to plot the rationalized
fraction of retained austenite for the four alloys inspected as a function of true strain. It must be noted that
only sample 1 for high Mn and Miln alloy is plotted here. The strain axis is plofieéigure 415 till 2.5%

for clarity.
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Figure 4-14: Comparison between strains at which transformation begins for each alloy, using FCC
220 and BCC 220
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Figure 4-15: Comparison betweenstrains at which transformation begins for each alloy, using FCC
220 and BCC 22Qupto 2.5% strain)

In Figures 4-14 and 415, it can clearly be noticed that the transformation approximately starts aintiee s
true strain for all the alloysxcept high Mn alloy sampleBut the rate at which it proceeds is very different.
The rate of transformation in high Mn alloy is much faster in comparison to the other three types of alloys.

It is also evident that thete of transformation with respect to true straiagproximatelylinear.

4.5 Diffraction Elastic Constants

Theelastic diffraction constants wecalculated using the lattice strain data as generated by VDRIVE single
peak fit command (VDRIVESPF). The lattistrain is calculated by the system using equation 10. The
lattice strains for different planes of austenite (FCC) and ferrite (BCtgilongitudinal and transverse
directions were plotted against the true stress. Theabplots are shown in figus4-16 and4-17 for Ni-

Mn (sample 1) The figures show the lattice strain vs. true macroscopic stress for FCC and BCC planes

respectivelyThe plots for other samples are provided in Appendix E section E.i.
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Figure 4-16: True stressvs. lattice strainfor FCC planes in Ni-Mn alloy (sample 1)
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Figure 4-17: True stress vs. lattice strainfor BCC planes in NiMn alloy (sample 1)
It is observed from figure-46 and4-17, that for the uniaxial straining, the latticeash plots for both FCC
and BCC planes has a prominent linear andlim@ar part. The linear part corresponds to the elastic

straining of the crystal lattice where the strain in the crystal latticeogoptional to the applied stress.
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However beyond a criticakressthis linearity is lost. This critical stress is relatedeformationoccurring

by slip and movement of dislocations and not by straining ddititli® bonds

Diffraction Elastic Constant: Some planes likBCC (110 and(222 are stiffer than other planes like

BCC (200 for the investigated materials. This can be quantified taking into account the slope of the lattice
strain vs. true stress plaip to the end dfnearity. This slope is known as the Diffraction Elastic Constant
(DEC) for the planes. For a polycrystalline multiphase material, the macroscospic strain is represented by
a parallel (A) or series (B) or a combination (C) of lattice strains of a pddrds with similar orientation,

ot herwi se known as 6égrainsd withl8different orient

Figure 4-18: Grains showing (A) parallel, (B) series orientation to loading axis, and (C) a
combination of orientations

Intergranular and Intragranular Stress: The plots have distinct linear and nlamear regions. The linear

region represents the relationship between true stress and lattice strain for a particular planer direction. In
a polycrystalline material, planes asgented similarly ina single grain. fie adjacent grain may have
different planer orientation. Elastic deformation in such a material occurs by physical straining of the
crystallographic planes with no slip. Such deformation is contained within the grain, and thus the linear
region represenniragranular strainAt the onset of plastic deformation, the deformation in the material
occurs primarily by movement of dislocations along the planes across the grain boundaries. During this
stage, the lattice strain plots starts to deviate from tharlimehavior. This is known as intergranular stress

and is represented by the deviation of the lattice strain from the projected linear slope.
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ifiSofto and A Ha The oonlioaai deviattomdf Stress can either be positive or negative. The
positive deviation suggests the intergranular +#ioear strain for that orientation is more than what is
predicted by extrapolating the strain using the diffraction elastic constant for that orientation and the
negative deviation suggest the the intergranularlim@ar strain for that orientation is less than what is
predicted by extrapolating the strain using the diffraction elastic constant for that orientation. The positive
deviation is observefbr FCC 200 plane and the negative deviation is observed in EC@lane inNi-

Mn alloy as shown in figure-49. The predicted strainfor each planessing DEC is given by the dashed

red and blue lines for FCC 200 and 111 respectiveyT he f or mer type i s known

thelatteri s knowneadg afi s ofntd.oPPil asti c deformation occurs

N
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o
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200 linear
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Figure 4-19: Hard and Soft orientation of FCC planes in NiMn alloy (sample 1)

It is evident from thgraphsthat there arelear linear and nctinear parts to the lattice strain pldes all
the planes. Thdiffraction elastic constants (BB of the planes are calculated taking the slope of the linear
part of the plot for each of FCC and BCC plane sys&srshown in figure-20for BCC planes in NMn

alloy (sample 1)The critical stress tiflor thelinear regon to beconsidered is 25BPa, which is assumed
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with a very conservative estimation. ThusingkPhei ssonbo
longitudinal and transverse lattice strains for the plaseshown in figure-21 for BCC planes in NMn

alloy (sample 1)

(110): y=-726192x + 0.0599

(200): y=-449905x 0.531 (110): y=209510% 0.1915(200): y= 149703x + 2.0294
(211): y=213129x +1.1162
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M Strain_BCC110_2
A Strain_BCC200_1
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+ Strain_BCC220_1

= Strain_BCC220_2

Macroscopic true stress

-0.001 -0.0005 0 0.0005 0.001 0.0015 0.002
BCC Lattice Strain

Figure 4-20: Plot showing linear fitting of BCC planes in NiMn alloy (sample 1) to calculate the
Diffraction Elastic Constant
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Figure 4-21: Plot showing linear fitting of BCC planes in NiMn alloy (sample 1) to calculate the
| attice Poissonb6s ratio
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Table 414 shows the DEC for FCC 111 and 220 and BCC 110 and 220 for all the. tEsidelE-1 in

Appendix E section E.shows thdiffraction elasticconstants (DE) an d

observedlanes for each of the materials.

Table 4-14: Diffraction Elastic Constants for selected planes

t

he Palitesonods

DEC in GPa DEC in GPa Poisson's Ratio
(Longitudinal) (Transverse)

Low Ni 182 552 0.242
High Ni 197 481 N/A*

111
High Mn (sample 1) 146 450 0.299
Mn Ni (sample 1) 176 304 0.397

FCC

Low Ni 173 529 0.292
High Ni 187 451 0.270

220
High Mn (sample 1) 176 416 0.322
Mn Ni (sample 1) 169 447 0.277
Low Ni 204 670 0.300
High Ni 206 694 0.276

110
High Mn (sample 1) 238 750 0.308
Mn Ni (sample 1) 209 726 0.275

BCC

Low Ni 141 416 0.334
High Ni 154 447 0.312

220
High Mn (sample 1) 159 592 0.247
Mn Ni (sample 1) 150 450 0.326

*Note: The data with poor linear fit was omitted from the chart.
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The scope of error in thelculation othe DEC a n d

Poi ssonos

rati o ilaek hi gh

of repeatability of the DE data. The possible sources of errors are listed below:

9 Small values of lattice straiifhe values of lattice strains are in ppm levels, hence very small.

Even a small error in measurement canse a largerror in DEC calculations. The source of
the error in measurement can originate from the diffraction data or error in peak fitting.

9 Errorin calculation of true stress: The exact diamdweingdeformation was unknown, which

may lead to errors in true stress calculatidrigs is thoroughly discussed in section 4.1.

9 Errorin lattice strain data: The peak fitting and calculation titastrain may not be precise

enough to produce repeatable results. Especially for FCC111 and 222 planes in high manganese

alloys, the fitting data is erroneous due to peak mergihgse error can be resolved by using

Reitveld analysis.

There are dew studies performed on the BEof various planes of austenite and ferrite. The observed

results were compared to the published data by Druschitf4s].aind with the calcaited data from Chung

and Buessem6(]. The published and calculated results are however available otiig iongitudinal

direction for FCC (111) and (311) planes and BCC (110) and (200) plansglafaiis tabulated in Table

4-15wi t h t he

publ i shed

dat a

mar ked

with a 6*06

and

of errors under consideration, the previouslylighied and calculated data somewhat matches the observed

data.
Table 4-15: Published and calculated data for FCC and BCC planes
Material DEC Data (*published by Druschitz dcalculated for single crystals by Chun
in GPa
FCC 111 FCC 311 BCC 110 BCC 200

Low Ni* N/A N/A 228 117

High Ni* 182 153 205 112

High Mn* 239 189 284 175
Ni-Mn* 169 182 271 164
Single crystal data 300 139 221 132
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4.6 Residual Stresses andistribution of load

The longitudinal and transverse lattice strains for the FCC and the BCC planes were plotted against
macroscopic strains to examine the distribution of load between the ferrite and austenite phases. Only FCC
200 and 220, and BCC 110 aB@0 planes in both longitudinal and transverse directions are plotted for
clarity. Fgure 422 and 423 represents the longitudinal and transverse strains in FCC glamisMn

alloy (sample 1)Similarly, figure 424 and 425 displays these in BCC plaa forNi-Mn alloy (sample 1).

The plots for the other materials are provided in Appendix F.
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Figure 4-22: True strain vs. longitudinal lattice strains for FCC planes in NiMn alloy (sample 1)
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Figure 4-23: True strain vs. ransverselattice strains for FCC planes in NiMn alloy (sample 1)
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Figure 4-24: True strain vs. longitudinal lattice strains for BCC planes in NiMn alloy (sample 1)
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