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CHAPTER 1

1. INTRODUCTION

Within the pastfew decads, advanced high strength steels (AHSS) have been
incorporated into automotive vehicles to reduce their weight and improve the strength of
structural componentd][2][3]. More stringent fuel economy standards and ceashtytests
continue to drive the implementati and evolution of AHSSThe U.S. Environmental
Protection Agencynd the National Highway Traffic Safety Admitretionrequires a fleet wide
fuel economy averagef 54.5 mpg by 2025jncluding passenger cars and light trudg) The
Insurance Intute for Highway Safetycontinues to develop more rigorous new craafety
tests, such as the small olgr frontal crash test implemented in 20[8}. The new small
overlap frontal crash test raises challenging alloy design issues that may be resolved in part with
new generations of AHSR]. In comparison to lighteweight materials, (such as aluminum and
magnesium alloys that reduce total vehicle weight), AH8& @ significantimprovement in
crash safety and production cost, meaning AHS88 the favored material of choice for
automotivdightweighting[6].

The design, testingand qualificationof second and third generation AHSfve
progressed rapidly and will ultimayeprovide critical solutions fomproved crash performance
and weight reductioof automotive vehicles in the near futuiihe combination of both high
strength andigh ductility is a characteristideature in seond and third generation AHSS and
depends on microstructurésat areengineered to contaiaustenite[7][8]. The deformation
behaviorand thus mechanical propertiesaustenite can be tuned through careful alloying and

thermemechanical processing9]. High-Mn and mediurMn twinning-induced and



transformatiorinduced plasticity (TWIP/TRIP) steels have garnered significant attention
because¢he tunable deformation mechanisnmsthe austenit@rovide excellent combitians of
strength and ducttly. However,there are still many aspects of the processingctureproperty
relationships in these steels that are not well understigade specifically, afundamental
understanding of the deformation mechanisms of TAMRPP steels at high strain rates
(experienced during crashes and advanced forming proyesg#s be beneficial for
implementing these steels into automotive vehicles and designing Gignezations of AHSS
[10]. Under crash conditions, steel components are subjected to a wide range of strain rates, most
of which can be simulated with tensikests in the strain rate range frem 102 /s toe= 10° /s
[11]. As such, the structwgroperty information fron high strain rate tensile testing
potentially useful foralloy design and cryal plasticitymodels to predict the performance of

sheet steel forming behavior and automotive crash response of components in the vehicle body.

1.1Research Obijectives

The goal of this work is to gain an understandmfighe effects of strain rate on the
mechanical properties amni@éformation mechanisms mext generatiosteels where austenite is a
major(second generation AHS8hd minor(third generation AHSShicrostructural constituent.
Adiabaic heating is an intrent consequence of high strain rate deformadioticould have an
effect onthe temperaturdependentustenitic stacking fault enerd$$FE) As stacking fault
energy influences whictleformation mechanism dominatd®], indirectly raising the stacking
fault energy through adiabatic heatioguld alterstrength and ductilityt high strain ratesThe
effect of strain rate = 10* /s toe= 10° /s) on the strakinduced austate-to-martensite

transformation rate wgsreviouslystudied infirst generation TRIPsecond generation austenitic



stainlessaandthird-generationTRIP steels[13][14][15][16][17][18][19]. In first generation TRIP
steelsthere was little tano significant differencén the transformation rate of retained austenite
for strain rates frone= 102 /s toe= 107 /s) [13][14]. In second generation austenittaisless
steels,a decrease in the transformation rate was noted at higher strain rates and attributed to
adiabatic heating, which stabilized the austefit®][16][17][18]. There was no significant
difference in the transformation eabf third generation quenched and partitioned steim
strain rates oé= 10 /s toe= 1(? /s), whereas third generation meditMn TRIP steelsdid
show evidencef reduced transformation rate of the austenite at higtitam rateg19]. The
difference in transformation rate of third getmn seels is related to the stabilizing effects of
adiabatic heatin@f the tensile specimeand the level of strain at which a majority of the
transformation takes pla¢&9]. A study ona mediumMn steelthat contairs large amounts of
carbon (C > 0.5 wt%and isthus fully austenitidefore tensile deformatioprovided evidence
of aTRIP-to-TWIP transitionwith increasing strain ratd his transitiorwas attributed t@ strain
rate dependence of the cralaesolved shear stress of epsilon martensiter than effects of
adiabatic heating on stacking fault enefg9]. Finally, a previous study on austenitic FeMnC
and FeMIiSiAl TWIP steels revealed contrasting behavidise FeMnC steel, which deformed
in part through dynamic strain aging (DSA), showed an obvious decreagensity of twin
boundaries at higher strain rates, while the Ei&& FeMnSiAl steel did not show any strain rate
sensitivity of twinning density for all studied strain rates (fem104/s toe= 10° /s) [21].

The present studys in part a continuation of extensive work by Pierce on Fe
22/25/28MR3AI-3Si steel§22]. More specificallythese norcommercial steels were developed
to study the influences of stacking fault energy on deformation mechanisms initaystdped

by the straightforwsal imaging proceduresassociated withstudying coarsgrained nomn



ferromagnetic higiMn steels. The stacking fault energies of these hiMh steels were
experimentally determined using welakam darlield transmission electron microscopy (TEM)
[23][24] and incorporated elastic constants measured by a novel combination of orientation
imaging microscopy and nanodentation[25]. The Fe25Mn-3Al-3Si steel deforms by a
combination of planar dislocation glide and secondary deformation mechgd8lj6]. The

SFE value of 21+3 mJfmpromotes twinningnduced plasticity as the dominant mode of
secondary deformation with some evidence of transformdtduced plasticity in the form of

h e x a g enareensitgP]. When deformed at room temperature and gsi@sic strain rates,
these secondary deformation mechanisms contribute to high-lsénaiening ratesas seen in
Figure 1. However, the F&2Mn-3AI-3Si steel showed little evidence of twinning (mostly

h e x a g eamargehsite)) which trangked to a higher yield and ultimate tensile strengths, a
higher strain hardening rate before 0.25 plastic true strain and still moderate ductility, (see
Figure x1). Furthermore, Piercet al. showed the influence of Moontent and SFE on the
mechanical properties of higfin steels and that an optimal SFE between 15 and 392mJ/m
produces the highest product of [ultimate tensile] strength and [totafjatlon (PSE), due in

large part to combined dislocation glide and secondary deformation, the latter producing
obstacles to subsequent dislocation mofidj.

The first part of the premt study expands on the work @fierce [22] by
investigatingthe influencesof strain rate on the deformation mechanisms and mechanical
properties of the FB5Mn-3AI-3Si TWIP-TRIP steelThe second part of the present stdeals
with designing an industrially relevant meditvin steel alloy, (manageable compositions that
decrease cost, increase weldability and maintain an appropriate combination of strength and

ductility). The mediurMin steel contains austenite as a minocrostructural constituent, but



another requirement ofeéhalloy design includes producing austenite with a stacking fault energy
similar to that of the Fe25Mn-3AI-3Si TWIRTRIP steel (~21 mJ/f within the multi-phase
microstructure tonvestigate the TWIP and TRIP mechanisms in a complex microstruddyre.
studying the noncommercial singlghase highvin steelswith an austenit&FE of ~21 mJ/m,

the effects of strain rate on the deformation mechanisms and mechanical properbesbedier
understood in thigndustrially relevantnulti-phasemediumMn stee] where austenite is a minor

microstructural constituent
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Figure 11. a) True stress and b) strdiardening rate vs. plastic true strain for the Fe
22/25/28MR3AI-3Si steels deformed at room temperature and €gi@ascstrain ratesThe strain
hardening stages are labeled At approximate locations and all curves terminate at maximum
uniform elongation. Figure from Pierce et[dR].

The present work focuses on:
1 Measuringthe effects of strain ratéusing servenydraulic tensiorand strain rates from
= 10*/s toe= 1(? /s) on the mechanical properief an ultra-low carbonaustenitic Fe
25Mn-3Al-3Si (Wt%) TWIP-TRIP stee] including insitu temperature measuremenfs

the tensile specimens.



1 Determining the influence of adiabatic heating on deformation mechamsimssingle
phase highvin TWIP-TRIP steel after interruptei@sting athigh strain rate (with serve
hydraulic tension and uniaxial ring expansfon strain rates frome= 10* /s toe= 10
/s) using a variety of advanced characterization techniques

1 Designinganultra-low carbon mediuaMn multi-phase steel witln intrinsicaustenitic
stacking fault energy similar tthat of the Fe25Mn-3AI-3Si (wt%) TWIRTRIP steel
(21+3 mJ/m), including an irdepth study of the microstructural evolution during
intercritical annealing.

1 Measuringthe effects ofstrain ratgusing servehydraulic tension and Kolsklyar testing
at strain rates frore= 10* /s toe = 1 /s) and annealing timeon the mechanical
propertiesof a multi-phase mediusMn Fe12Mn-3Al-0.05C (wt%) multiphase steel
including insitu temperature andrain measurements the tensile specimens.

1 Determining whichdeformation mechanismere activated in the mulihase medium
Mn steelduring quassstatic and high strain ratés inform predictive mdels for future

design ofAHSS.

1.2 Dissertation Overview

Chapter 2contains a literature review of AHS&nd identifies the differences
between thermonechanical processing, microstructure and mechanical propeftig$ three
generationsDeformation mechanisms in highin and mediurrMn steels are discussedddail.
High strainrate deformation is explained in the conteft strainrrate ®nsitivity of steel,

mechanicatesting recommendations, adiabatic heating of tensile specimens and complex



deformation behaviors of various AHSB perspective of the presemtork in regards to
contributions to the literature is also provided.

The design and execution of experimentagtimds is presented i€hapter 3
Experimental procedures include thermechanical processing, specimen machining,
mechanical testing, ieitu temperature measurements atata acquisition at high strarates.
Also, sample preparation amdethods ofadvanced characterization techniqguasch as electron
backscatter diffractioEBSD), electron channelirgontrast imagindECCI), bright and dark
field transmission electron microscomgnvergenbeam and seléed-area electromliffraction,
energydispersive spectroscopy, atgerobe tomography and-Ky diffraction are introduced.

The results in Chapter dre organized into sufections by mecharal testing
method and steel alloy investigated. For the HMyhsteel,characterization results from uniaxial
ring ex@nsions are discussaadimportant conclusionare outlinedregarding thepresence of
planar defects after high straiate deformation.Mechanical properties from serydraulic
tensile testing of the highln steel arediscussed in the contextf in-situ measurementsf
adiabatic heatinga thermodynamidased SFE model ambstmortem characterization of the
planar defectsn interrupted sample&trict conclusions are drawegarding the effects atrain
rate on positive straimate sensitivities in mechanical properties and influences of adiabatic
heating on TWIPTRIP mechanismslhe alloy design process anthin consider#ons in alloy
design of a multphase mediurMn steel are presented, including a detailed study of the
compositional and morphological evolution during intercritical annealing. The effects of strain
rate and annealing time on mechanical properiiden @é&formed with servdnydraulic tension
and Kolskybar testing, are presented and discussed for the medim steel In-situ

temperature measurente of adiabatic heating and -situ digital image correlation



measurements of strain are shown for all straiasrand two heat treatment conditions. Key
conclusions are drawn regarding the effect of annealing time and morphology of ultrafine
grained phases on the deformation mechanissponsible fothe deformed microstructure,
specifically in the context of inddual contributions of each microstructural constituent to the
overall strain hardening behavior.

In Chapter 5,a summary of the major results precedes the providedofis
conclusions that are drawegarding the influences of strain rate on mechamoaperties and
deformation mechanisms of highn and mediunrMn TWIP-TRIP steelsChapter 6 ioludes
suggesteddirectiors for future work, such as the influence of environment temperature on
deformation mechanisms in higfin steels,constitutive modeling fostrainhardening behavior

in multi-phase mediurMn steels and parametric studies for future AHSS design.



CHAPTER 2

2. LITERATURE REVIEW

2.1 Mechanical Properties of Advanced High Strength Steels

One of the main incentivdsehind AHSS research and developmanginates with
thepressingneed to adher® federalstandards of automotivieel economy by reducing vehicle
weight without sacrificing passenger safety. Material supply and production costs are also major
driving forces. Figure 21 shows a map of tensile propertigsotal dongation and tensile
strength)and categorizes AHSS into 3 generations base@gpectiveproducts of strength and
elongation (PSE) in units of MP@[27]. Second generation AHSS, such as austenitic stainless
and highMn steels where bothTRIP and TWIP effectaire possibld28] [29][30][31], clearly
have the largest PSE among all AH8&e to their high capacity to strain harden (refer to
engineering stresstrain curve of TWIP steah Figure 22). However, a drawbaclof most
TWIP steelsfor automotive applications & relatively low yield strengtfalso evident irFigure
2-2). Such considerations are important for understanding AHSS design and the three

generations will be described in more detail below.
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First generation AHSS is a term used to encompass categories of steels that
manipulate orientations and compositiondesfitic (a) and/or martensitica® nicrostructures,
such as:mild, interstitiatfree (IF) bakehardenable (BH), carbemanganese (CMn), Hhig
strength lowalloy (HSLA), dualphase (DP), compleghase (CP), transformatienduced
plasticity (TRIP), and niéensitic (MART)steelq33][27]. The tradeoff in mechanical properties
between fully martensitic and fully ferritic microstructures is typically charaeéras a banana
curve when total elongation (TE) is plotted vs. ultimate tensile strength (UTS), degiiia 2
1. Furthermore, fully martensitic nmigstructures possess ultimate tensile strengths in the range
of 1-2 GPa and total lengations of 10% or less, wheredslly ferritic coarsegrained
microstructures can achieve total elongations up to ~50%, but the ultimate tensile strengths
usually do noexceed 0.5 GPR7], as seen ifrigure 22. DP steels consist of a ferrite matrix
with varying amounts of martensite and produce high UTS values with comparable ductility and
are being incorporated into automotive structyiB34]. First generation TRIP steels are quite
unique, as compared to other generations of TRIP steels, as the microstructure contains ferrite,
bainite, retained austenite and sometimes martef8itéAustenite @) is stabilized mostly by
carbon in these TRIP steelnichis further stabilized when carbide/cementite formation is
suppressed by alloying additions, such as Al anfB8i Although first generatioMHSS have
been successful in a variety of applications, TRIP steels3@20 TE & 0.51 GPa UTS), show a
promising direction for new automotive steels as the extra contribution to strain hardéening
higher strain levelgfrom the transformation of a snmhalolume fraction of retained austerjite
surpasses the typical tradé between high strength martensired ductile ferritg¢36].

Second generation AHSS is the term used to describe the different types of austenitic

(9) steelswhich possess a large PSE. Austenite is a géas&ed structure of Fe and is stabilized
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at roomtemperature (RT) hien Fe is alloyed by more thapproximately 17 wt% withg
stabilizers (Ni, Mn, Al, C)J27]. Austenitic stainlessteels utilize large amounts of,NGr, Nb, Ti
& Si, plus some Mn & Mo, while higivin twinning-induced plasticity (TWIP) and/or higiin
TRIP steels utilize large amounts of Mn, and smaller amounts of Al, Si & C. The variation in RT
guaststatic mechanicaproperties of austenite is mainly due to differences in barriers to
dislocation glide and dominating deformation mechanisms, which are influenced by alloy
content and stacking fault enerfi2]. Although second generati®kHSS have superior strain
hardening rates and large uniform elongations, a drawback for automotive applications is the
relatively low yield strength, especially in carblean dloys. Other commercial drawbacks of
second generatio’AHSS for automotive applications are increased cost and decreased
weldability, which are both related to the substantial amount of alloying required to stabilize a
fully austenitic microstructurg7].

An optimally balanced 3rd generation AHSS consists of an alloying content below
17 wt. % and a muHlphase microstructuref&/g) to respectively balance cost and appropriate
mechanical properties. Ideal mechanical properties thfird generation AHSS includgield
strengths greater than 0.5 GPa and ultimate tensile strengths greater than 1 GPa at levels of
uniform elongation equdb or greater than 30 936][33][37][38]. The typeof third generation
steels capable of achieving these desired properties are mEBHUmWIP/TWIP steels,
lightweight steels and quenched & partitioned TRIP stgg|8]. MediumMn steels generally
exhibit anaNjpartensitic microstructure after hot and cold rolling, intércritical annealing in
the a+g phase field produces a mufthase microstructure with ultrafirggained (UFG) phases
and equilibrium volume fraction of reverted austenite that ranges between 20 and 50%.

Mechanical properties of a third generation AHSS ideally exhibit low strain hardening rates at
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low levels of strain and higher strain hardening rates asdiveah accumulates, behavior that

is related to the accommodation of deformation in each phase. Studies investigating deformation
mechanisms and mechanical properties of mediimsteels have reported the effects of
intercritical annealing temperature phase quantity/grain siz¢36][39]. Other researchers of
mediumMn steels and TWIP steels have observed statdt dynamic strainaging effects
(respectively termed liders bands anBortevinLe Chatelieror PLC bands)which can lead to
plastic instabilities during deformation. Such strain aging effects are influenced by
microstructure, composition, dislocation mobility, temperaturand strain rate
[40][41][42][43][44][45][46]. Moreover, a broad range of microstructures observed in steels
containing a medium amount of Mn and produced with a variety of thareuhanical
processing steps have exhibited a wide range of mechanical properties, which depeiid on
composition, intercritical annealing temperature/time, cooling/heating rate, grain size, relative
phase fraction, mechanical stability of a given phase and phase morphf#@@gy

[39][47][48][49][50][51][52][53][54][55][56][57]1[58][59].

2.2High-Mn Twinning and Transformatieimduced Plasticity Steels

High-Mn twinning-induced and transformatienduced plasticity (TWIP/TRIP)
steels exhibit promising properties r fautomotive applications due to their exceptional
combination of strength and ductility. The product of ultimate tensile strength (UTS) and total
elongation (TE) typically ranges between 42,000 and 68,000 MPB2Y®©0][61], which is
superior to many other AHSS grades. The superior energy absorption capability of these steels
could also play a critical role irmiproving crash perfornmee for future vehicle design$he

work of Frommeyer at the MaRlanckInstitut fur Eisenforschung in DEseldorf, Germany
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[29][30][62][63] was critical forrenewed interest in Hadfield and hityin steelsHadfield steels
are austenitic steels with 1% wt% Mn and 11.3 wt% C that transform to martensite under
applied stress (therefore useful for railroad applications) and have high workihgroses that
usually include dynamic strain aging (serrated flow stred6d$) This research group studied
the structuregroperty relationships of various highn alloy compositions (F&5/20/25/30Mn
1/2/3Al-1/2/3Si) and were able to tune microstructures that contained large amowndteotta,
which formedaNy} martensiteand mechanical twinsluring deformation. One of the alloys
studied in this dissertation (5Mn-3AI-3Si wt%) that Frommeyer originally designgzb]
was selected due to the intenreg combination of TWIPTRIP mechanisms identified by Pierce
[31] and the best room temperature elongation of the mentioneaevimighiloys. Although Mn
has a negligible effect orokd solution strengtheninf$5], the Mn atoms stabilize the fbased
FCC lattice at room temperaturedaallow for tunable deformation mechanisms and mechanical
propertied29][31].

Typically, highMn (1530 wt%) TWIP and/or TRIP steels are carspd of
metastable or stable austenite and are alloyed with Al, Si, Cr, C and N
[60][66][30][67][61][68][69][54]. The deformation mechanisms and tensile properties of TWIP
and/or TRIP steels can exhibitstrongdependence on temperature atdckingfault energy
(SFE)[12][66]. Si generally reduces tH&FE, while C, Mn and Al increase the SFE of austenite
[70][71][72]. These steels deform by a combination of dislocation glide and secondary
def ormati on mechani sms s uoadgmaaensiteferodicd2®]{12].al t wi
Austenitic highMn steels with relatively high SFE (approximately 50 nfJmd greater) deform
primarily by dislocation glide. As the SFE decreases from ~50 to ~20 ?mdfechanical

twinning becomes increasingly favorable and the steel deforms by both dislocation glide an
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mechanical twinning. With decreasing SFE below ~20 fXimese steels typically deform by a
combination of dislocation glide andd#fusionlessmartensitic phase transformation, where the
austenite phaséransforms to hexagondbmartensite[12][68][23][29][66][72][73][74]. The
martensite platelets and mechanical twins act as planar obstacles, reduce the mean free path of
nontcoplanar dislocation glide and produce back stresses, resultadigh straichardening
rate,delayed necking, and large uniform elongatipfig[76][60][66][30][67][61][68][77][78].

The closepacked FCC slip system of {111} glide planes and <110> slip directions
in austenite is visualized Rigure 23a. The dissociation o& full a/2 <110>dislocationto two
a/6 <112> partial dislocations is schematically introduceignire 23b/c. The mechanisms by
which mechanical twins an@martensite form are closely related to the glide of a/6 <112>
partial dislocations which successively displac&doms on{111} planes in theFCC Ilattice
[79][20][80][30][81][77]. Partial dislocations both trail and lead a stacking fault on {111} glide
planes (se&igure 24) and can either transforplanes ofthe FCClatticeto HCP as is the case
of Umartensite oin the case of mechanical twingirfa re@rientation ofthe FCClattice). The
separatia distance between partial dislocationgy@&nerally speakingnversely proportional to
the intrinsic stacking fault energyi.e. closely spacegbartials have a higher SFiEhan widely
separated partiglswhich is related to theepulsive forces of anisapic elasticity and the
restorative forcesf the SFE82][83][22]. The purposeof the repulsive force is to reduce strain
energybetween the partiglshe magnitude ofvhich is prgortional to the square of theuRyjers

vector[84].
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Figure 23: a) Slip systemn one unitcell of the FCC lattice: each {111} plane contains three
<110> directions.b) The AB-C (silvergreenred) stackingsequenceof {111} planes in a
multiple unitcell lattice, and the ctaway dark gray section highlights thpecific(111) plane.

A full dislocation(bl)of a/2 <110> typelissociates into two Sholey partials (b2 and b3) of a/6
<112> type. The -8limensional dissociation is shavin part c).Figure a)from Gottstein[85]
andb-c) from Chowdhuryet. al[86].
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Figure 24. a) stacking sequence of closgacked {111} planes in the FCC lattice, including a
full dislocation (b1) and its dissociated partials (b2 and b3). The trailing and leading partial
dislocations can widely separate to form a stacking fault, as shown irdk)).aRigures from
Gottstein[85].
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As stated previously, the intrinsic austenitic stacking fault enagg), (n units of
mJ/nt, can be tunetbr phase transformation, deformation twinning, and dislocation glide, based
on temperature and alloy compositifi0][66][30][67][61][68][69]. All SFE valuesmentioned
refer to intrinsic SFE value@@s opposed to energies rethte extrinsic stacking faultsjinless
stated otherwiseSFE values oéusteniticalloys reported in the literature for £20-32)Mn-Cr-C
alloys[87], Co-15-45Ni-14CrMo alloys[88], FeMn-C TWIP steelg89], and Fel8Cr10Ni-C-

N alloys [90] have reported twinning is possitfier SFE values ranging from 12 to 48 m3/m
(seeFigure 25). Further,the combinationof both mechanical twinningnd Umartensite has
been observed for SFE valueanging from 8 to 21 mJ/m(see Figure 25). Further,
Shiekhelsoulet al. [91] studied polycrystalline TWIP steel through constitutive modeling and
concluded thaforest dislocations dominated shoaihge barriers to dislocation mobiliguring
early levels of straingrain size and twin spacirgf primary twin system&ad an effect on the
dislocation mean free patht midto-late levelsof strain (acting as longange barriers to
dislocation motion)and multiple twin systems produced difeet on the mean free path and
work hardening rate only at late levels of strain accumulation.

A schematic representation lodw the deformation twinning mechanissould occur
through passage of Shockley jpalg on successive {111} planesshown inFigure 26 [79]. In
this regard, the twinning mechanism is closely related to the formatibmaftensite where a
Shockley partial would pass through every second {111} pldwan boundariesin face
centered cubic (FCC) materiase classically described by a mirror reflection (180° rotation) of
the matrix lattice and the twinned lattideis important to note that the mechanism described in
Figure 26 is not the only proposed mechanism for twinning. Steinnedtal. [77] developed a

multiscale dislocation densiyased model for the strain hardening behavior oflH\&teel,
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which included nucleation driving forces described in detail by Mahetjah [92] and showed
close agreement with experimental resulidahajan et al. [92] proposed that two full
dislocations on neighboring {111} planes split into faults and react to produceShomkley
partialson adjacent planes (a thrlger stacking fault)ldrissi et al. [93] investigated twinning

in a Fe20Mn-1.2C steel and specifically mentioned that twin nucleation models proposed by
Miura et al.[94] and Coheret al.[95] bestexplained the behaviors observaétie MTN model,
(named after Miura Takamura and Narj@]) proposed that distations pileup at Lomer
dislocations(at the junction ofr primary and cross slip planajd react to form two Shockley
partials and a Frank sessile dislocatidithe a/3<111> typeThis double layeextrinsic stacking

fault would serveas the twin nucleuCohen and Weertmdf05] proposed that the twin nucleus
forms due tgile-up stresseat CottrelLomer lodks, which forces a full dislocation to dissociate
into a sessile Frank partial screw dislocation and a glissile Shockley p@aiaparatively,
GutierrezUrrutia and Raabf6] mentioned CottreLomer locksnear dislocation cellplayeda
significant role durig stage 2 of strain hardening. Ihig work [96] the authorsstudied the
dislocation and twin substructure evolutiand observed that the initial increase in g&in
hardening rate of a F22Mn-0.6C TWIP steelwas due to the nucleation of dislocation cells,
which decreased in size to form highly dense dislocation walls. The aaithditgonally noted

that mechanical twinning significantly influenced strain hardening after 0.1 true strain.
Furthermore, other worly Idrissi[97] showed that the carbon content has a signifielatt on

the morphology and internal dislocation structure of deformation twins. Mechanical twins in the
carbonrich steels were thinner and caimed more sessile dislocatioft®@mpared to carbelean

steels)and were observed to act as more effectivedya to dislocation glidg7].
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Some of the first investigations bexagonalJmartensite formation (b@lson and
Cohen[98]) detailed the orientation relationship with austenite as ¢@001y[1-10]||[1-
210Ju The closgpacked fanes and directions dfmartensite are parallel to the listed slip system
in austenié and can form in austenite during quenching (if cooling temperatures cross the
martensite start temperature with a sufficient rate) or during tensile deformigjoically, a
SFE of 20 mJ/n? or less (sedigure 25) translates to an increased stability of tlexagonal
close packedHCP) phase rhative to the FCC phase and promotegleation ofUmartensite
[98]. However, insitu TEM measurementby Brookset al.[99] showed that the nucleation of
epsilon may not be as simple as the passage of a Shockley partial on every second {111} plane in
austenite. The authors obsenigmartensitenucleationnear the collection of irregularly spaced
stacking faultsand the(martensitethickers with increased dermation. This group of stacking
faults provides energetically favorable regions for hexagonal lattices as the slight contraction in
spacing betweefault planeshelps to minimizethe interfacial energpetween FCC and HCP
stacking sequenceSince mechanical properties of-Mm-Al-Si steels depend on SHEOOQ],
alloy design requires accurate SFE predictions as a function of tempexatu@mposition.
Alternatively, De Coomaset al.[101] proposed that the stress value at which mivig initiates
is inversely related to temperature (assuming the SFE value remains below 483. mJ/m
Traditionally, thermodynamic descriptions do not consider the stacking fault character and use
constant values for FCC/HCP interfacial and strain energgnmeters because the variatioithw
respect to temperature is nwell understood. Imeality,the interfacial energy likely decreases
with increasing temperatuf@02]. This subject will be discussed further in Sectidn®.5and

4.2.9
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Figure 25: Ranges of the intrinsiausteniticstacking fault energgsf (in units of mJ/m) for

phase transformatiodeformation twinnig, and dislocation glide in FC&Fe alloys reported in
the literature for F€20- 32)Mn-Cr-C alloys[87], Co-1545Ni-14CrMo alloys [88], FeMn-C
TWIP steelg[89], and Fel8Cr10Ni-C-N alloys [90]. The relation between thgsf axis and

a6 Uis also indicated, assuming thatx2, AU = 15 mimt. Composite igure from De
Coomaret al.[101].
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Figure 26: Schematic represgation of deformation twinning: a) perfect FCC lattice with an A
B-C stacking sequende) onelayer (intrinsic)stacking faultc) two-layer (extrinsic) stacking
fault and d) thredayer (twin) planar fault. The blackorizontal arrows indicate the successive
{111} planes on which Shockley partiglsBurgers vector obp = a/6<112> typd are passed.
The translation vectofs maintains the FCGtacking betwen the neighboring uniells. Figure
from Kibey et al[79], adapted by Saeetkbari[103].

20



2.3Medium-Mn Twinning and Transformatiemduced Plasticity Steels

Medium-Mn steels are considered third generation advanced high strength steels and
aim to fill the property gap between first and second generation AHSS by offsetting the
outstanding mechanicgbroperties of second generation AHSS with the low cost of first
generation AHSS[33]. MediumMn steels generally exhibit a fully deformedartensitic
microstructure after hot and cold rollingut designing a mulphase mediusMn microstructure
requires an additionahtercritical annealing stefgseen inFigure 27a). The volume fraction of
reverted austenite measured at room temperature after all thegok@nical processingieps,
depend®n annealing time andnnealing temperatu{27].

Early work by Miller [104] showed hw additions of Ni can be used to stabilize
austenite at room temperature after intercritical anneaimg) the amount of austenite also
depends on % cold reduction (degure 27b). Mn is currently used instead of Ni to stabilize
austenite due to cost benefits, while C is usually minimized due to welding cofid@shsl he
partitioning of Mn and C from martensite to form austenite and partitioning of Al from austenite
to martensite and ferritduring intercritical annealing in thgta phase field(temperatures
between Ag¢ and Ag) control the amount, size, composition and stacking fault energy of the
reverted austenitd 05].

Chen et al[106] measured greater Mn and C concentrations in austenite at lower
annealing temperatures in a5dMn-1.4Ni-0.2S10.035C wt% sted]10.4Mn0.12C wt% at 600
°C vs 7.7MnR0.07C wt% at 650°C). Studies on medutm steels with bulk carbon
concentrations ranging from 0.2 to 0.4 wt% have shown how cementite formation and

dissolution at lowangle lath martensite boundaries caused slugfpsimation of reverted
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austaite during early stagg of intercritical annealingather than reversion depending only on
partitioning of Mnand C from ferrite to austeni{@07][108]. Atom probe tomographyAPT)
results in one of the studi¢s08] showed a Mn corentration of 28 at.% Mn in a 30 nsized
carbidevs 10 at.% Mn in austenite for an-E@Mn-3AI-2S+0.3C wt% steel (coldolled and
annealed for 10 min at 700 °C). Another st{itl§9] on a quenched and partitiahenediumMn
steel (AISI 9260 steel containing approximately 0.6 wt% C) provided evidence of transition
carbide formation before partitioning of Mn and C from ferrite to austenite. Han et al. even
observedvhat is believed to beementite particles in SEMiotographs after 10 s of annealing
at 620°C in a Fe9Mn-0.05C (wt%) alloy, but noted all centda particles had dissolved after
30 s of annealing109]. Another study by Han et g110] on aFe-9Mn-0.05C (wt%) alloy
demonstrated that heating rates below 15 °C/s revealed cementite formation whereas heating
rates above 15 °C/s did not exhibit cementite formaifbath heat treatments involvirgating
to 650 °C or greater and promptly quenching to room temperature without isothermal holding).
Other studies on loswgarbon (< 0.2 wt%) mediufivin steels observe esegregation of C and Mn
during early stages of austenite nucleation followed by a mgoferrite/austenite interface
during partitioning, which depends on the diffusion of Mn and thus the local equilibrium
between ferriteand austenitg111][117. Seol et al noted that precipitationfd carbides,
[(Fe,Mn)AkCy], requires compositions of Ma 8 wt%, 5<AI<8 wt%, C< 0.3wt% [113] and
Raabeet al showed if the [Al] was greater than 10téen theL12 Il would precipitate during
guenching114]. The mediurdiMn alloy in the present workhould notcontain kappa carbides
due to insufficient levels of Al and C.

Typically, increasingcold reduction increases the amount of retained austenite for

the same annealing time and tempermtlme toan increase in the nucleation rate of austenite
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and directlytranslates to faster diffusion paths for the partitioned elemé@dss]. Also, in
mediumMn steels,microstructureproduced from coldolling and intercritical annealingre
usualy exhibit equixed ferrite and austenite grajngelated to the numerous partitioning
pathways afforded by the high dislocation density)On the other handchotrolling and
intercritical annealing tends to produn@crostructuresn mediumMn steelsthat are usually
more elongatedh nature resemblinghe acicular martensitic microstructure prior to annealing
platelike interfaces and prior austenite grain boundapesviding the preferred partitioning
pathways(seeFigure 27c/d) [104][109]. However, fully equiaxed microstructurasay require
cold rolling on the ader of 6685% cold-reductionin thickness of the platand intercritical
annealing times of 1B or greatef104].

Recent work by Zhanget al. [59] on a coldrolled Fe7.14Mn0.23S0.14CG0.06Al
steelobserved an elongated microstructure adterintercritical anealingfor 3 min at 620 °C,
which wasused to simulate continuous casting conditiohisnealing times from 12 h to 96 h,
which demonstrated batch annealing conditions, produced more equiaxed grains in the cold
rolled Fe7.14Mn0.23S+0.14G0.06Al steel[59]. However it is important to note that special
annealing ste620 °C for 12 hwas completed in between hatlling and coldrolling, meaning
the intercritical annealing times mentioned above (3 min through 96 h) are acuaigered
the second annealing step after-taiting. Other work involving extrathermemechanical
processing steps includes a study by éfeal. [116] which utilized a liquid nitrogenbath in
between steps of hot rwlj and intercritical annealing to improve the memulsal stability of

retained austenite and led to improvements of ductility and strength during tensile testing.
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Figure 27: a) Example of the basic processing sequémealved intypical thermemechanical
processing stepgsed for mediuaMn steel productionb) Curves showing the effect of cold
work on austenite transformation time during an intercritical anneal of a 0.33¢C (wt.%)
steel. TEM micrographs of the ferrgistenite microstructures of a 0.:5@Mn (wt.%) steel
with an intially martensitic microstructure after hot rolling thatreve) annealed for 16 h at 600
°C and d) coldolled (6085%) then annealed for 16 h at 600 Riguresa-d) from Miller [104],
buta)and b)redrawn ly Poling[19].

The austenitéo-aNpartensite transformation depends on both chemical and
mechanical driving forcegl17][118]. Chemical driving forces mostly depend differences in
Gibbs free energiesas shownin Figure 28a. Initially, during thermemechanical processing
steps of mediuaMn steels the martensite start temperature JMs usually above room
temperaturewhich is why quenching afteroh rolling and homogenizatiorespecialyy at fast
cooling rates produces a microstructure with both austenite and martgB88iteMainly, the
chemical driving force is extremely high and the homogenigadr] austenite does not tain

enough Mn to be staéb at room temperature and a large portion is transformesthiermal

martensite The fracton of martensite(fm) can be predicted usingontributions fromalloy
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composition (sedcquation 21 where compositiongn weight % are positive if the element
increases the Mtemperature and negative if the element reduces théeMperature and
guench temperature (seeEquation 22) using the KoistinenMarburger relationship
[119][120][121]. After cold rolling, the mediuriMn microstructure is deemed fully deformed
martensite, which will be discussed in more detail. Dunimercritical annealing the partitioning
elemens diffuse and create ultrafirggained stable austenite. The reverted austenite is stable at
room temperature because thetbperature is driven below room temperaf@de] during the
supersaturation of austenite with Mn and C as discussed prelyioHowever, if the intercritical
annealing temperature is too high and cooling rate too fast, fresh athetnesdassisted
martensite can form again. Previous w¢89] on mediumMn steels demonstrates that an
increase in intercritical annealing temperature increases the austenite volume fraction retained at
room temperature, up until a specific temperaturgn{y, above which the austenite volume
fraction decreases. The decrease in austenite fraction after intercritical annealing with
temperatures aboveghax is due to the formation of fresh athermal mastenduring cooling

(this temperature varies strongly with carbon content and moderately with parent grain size)
[39][122]. Further, in original workon multiphase mediuANi steels[104] Miller observed a
decrease in hardness and increase in austenite fraction with increagatirgntemperature up

until Tgmax, but hardness rapidly increased and austenite fraction rapidly decreased with
increasing temperatures above thand Lee et al. observed an increase in austenite fraction
from 10 to 25% for respective annealing timé4 @ and 24 h at the same annealing temperature

of 600°C, (Tgmax = 650°C for the FeE6Mn-0.3C wt% alloy)[39].
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MS(Q:) = 53971 [423x (Wt% C)] T [30.4x (Wt% Mn)] T [7.5x (Wt% Si)] + [30 x (wt% Al)]
(Equation 21)

Ms = martensite start temperature

fo=11 1é1x16 2(MJ QT) (Equation 22)

fm = fraction of stressssisted martensite retained at room temperature
QT = quench temperature

In terms of deformatioinduced martensite, mechanical driving forboesome more
dominant[118] and the roles of stresssistedss. strairinduced nuclation must be considered.

As Ms decreases relative to room temperature (or alternatively as the environment temperature
increases above thesMthe chemical driving forces of Gibbs free enerdiesmsformation from
gamma teaNpartensited ecr ease whi |l e mechani cal Figurei2vi ng
8d). The temperature at which the chemical and mechanical driving forces ek (g, )
indicates the point at whichNjnartensitenucleationsites transition from stss-assisted to
straininduced[117] (nucleation isassistedby inelastic stress in the austenitetween M and

Ms, and occurs at stresses below the yield strength eofatlstenitd123]). This transition is
typically associated with negaéigtrainrate sensitivitie$20][19].

Martensite nucleation theodeveloped by Olson and Cohgri 8] (seeFigure 28b)
describes a nehinear relationship between temperature and stress for the regime of strain
induced nucleation. This is an important pdiotresolve because the TRIP mechanism here
becomes more complex ammusually associated with Ie®FE material§124]. First, yielding
occurs through slip in thaustenite and when stresses increase locally through accumulation

plastic deformation, nucleation sites afNpartensite develop at the intersections of planar
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defects on nowmoplanar slip systems. Specifically, the intersections of two hexaddnal
martengte plates,Omartensite and mechanical twindmartensite and stacking faults or twins
and stacking faults are possible combinations that nucleate istiaiceda Njpartensite within an
austenite graifl18][125][99][126][127][128][129][130]. As such, the Olse@ohen model seen

in Equation 23 shows that the strainduced alpha prime martensite fractid(ij{jdepends on

the rate of planadefectformation ) , t Ibikty opplanabdafect intersections becoming a
martensite nuclefb ) , and piastTihce sbt rpparnanfet er i s rel at ¢
force, U is inversely related to thpendst ackin

temperature), and the exponent n is typically assumed to be 2 for equiaxed grains and even
higher for norequiaxed/textured austenite graifisl8]. Temperatures above dMwhere the
Gibbs free energy favors austenite over martensite, austenite is stable againgtdsicaid

transformatio to aNjnartensite.

fde 1 T exp (WP(1 T exp(1 U(Equation 23)

fUN§ fraction of straiinducedaNjartensite
b = pr o b a b-ddfect intgrsettibns treate aNgnartansite nucleus

U = r at aefestifornmtiom n a r
- = plastic strain

n = parameter that relates the austenite morphology to schmid factor
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Figure 28: a) Gibbs free energies of austenite and martensite as a function of temperature. b)
Schematic presentatioof stressassisted (before yielding) and stramguced nucleation of
deformationinduced martensite formation. sMis the temperature at which the deformation
induced martensite formation is switched from the stassssted mechanism to th&asr
induced mechanism. Figum® from Curtzeet al.[117] andb) from Olson and Cohei18], but
redrawn by Poling19].

Differences in stresassisted and strainduced nucleation are schematically
represented and identified with TEM from work by DeCooman and Jibb4], as seen in
Figure 29. Stressassisted martensite is defined as the type of martensiteahaie produced
during genching with fast cooling rat€given the right set of Mand quench temperaturds)
stresses that are less than the yield strength of austenite. The predominant driving force of stress
assisted nucleation is chemidsdsed (i.e. the driving force of Gibbs free energy). Sirainced
martensite is defined as the type of martensite rinaleates after the material is strained and
contains a high density of dislocations and preferential nucleation sites near the intersection of
planar defects and partial dislocations. Mechanical driving forces provide the favorable
nucleation of strakinduced nucleation of martensite, rather than chemical driving forces. For

lower intercritical annealing temperatures (slightly beloynak seen inFigure 29c), athermal

martensite is not observed in the austenite after quendriggré 29a) as predictefl7], which
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means theausteniteto-aNjnartensitetransformation will only be straimduced (since room
temperature is greater thansM and must occur during tensile deformation. However, when
room temperature lies between bhd Ms, , partial or full transformation of austenite can occur
during quenching from higher intercritical annealing temperatures and thus prior to tensile
deformation124] as predicted ifrigure 29¢c and shown ifrigure 29b.

The study by DeCoomamt al. [124] also revealed a strong dependence of
mechanical properties on intercritical annealing temperatureg-(gaee 210a), based on #situ
neutron diffraction measurements during tensile deformation Kgpge 210b andFigure 2
10c). TheaMNjraction was estimated by subtracting the neutron measurements of austenite,
martensiteand intercritical ferrite fractions fro 100 pct. Shaded regions kigure 210b and
Figure 210c also incldle yieldpoint elongation. Moreoveithe lowest intercritical annealing
temperature of 575 °C had the highest yield strength, second largest totaltielpntne most
amount of yieldpoint elongation through Luders banding, the smallest transformation rate of
austenite(see Figure 210b) and a relatively low UTS. However, stranduced martensite
transformation did occur readily in the 600 °C annealed sample after 10% engineering strain (see
Figure 210d). The intercritical anrading temperature of 650 °C that produced athermal
martensite during quenching had nearly the opposite mechanical behavior of the 575 °C
annealing temperature (low vyield strength, low elongation and dawount of yieldpoint
elongation as shown iRigure 210a andFigure 210c). A high transformatiomate as seen in
Figure 210c, is indicative of a low SFE, early transformation at 2% engineering strain (see
Figure 210e) and a high UTSHgure 210a).

Predicted roontemperature stacking fault energieghe work by DeCoomaet al.

[124] arebased on measured austenite compositions after annealing and quenching and ranged
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from 12 mJ/r for the 575 °C annealing temperature to 1 mJfon the 650 °C annealing
temperature, which indicates that twinning is not a likely mechanism and a full traaitor of

austenite t@aNjartensite is likely. Also, the lower the SFE, the higher the transformation rate of
austenite Other recent work54][131] has shown that an increase of the intercritical annealing
temperature decreases the Mn content in austenite and also decreases the SFE of the austenite.
The SFE is important fatetermning TWIP and TRIP effects in thgphase during deformation
[39][132][55][133][56][134]. As Mn diffusion in austenite is sluggish, the reverted grains tend to

be ulrafine in size (less than @m in diameterJ107]. As compared to fully austenitic steels,
GutierrezUrrutiaetal[135]o bser ved t hat decreasing the grai.
activity of mechanical twinning, but did not completely suppress the secondary deformation

mechanism.
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Figure 29: 7.1Mn-0.12S+0.1C TRIP steel annealetbr 168 hat a) 600 °Cand b) 650 °C
followed by water quenchinddF-TEM images(with inset SAED patternsvererecordedprior
to anytensile testinga) The UFG microstructurannealed at 600 °€r 168 his predominatly
dislocationfree, while theUFG microstructure pannealed at 650 °@r 168 h haglislocation
tangles in the ferriteand some fully transformed austenite grains, consistent wittt) the
predictedaustenite stabilityFigurea-b from De Coomaset al.[124] andc) from Gibbd7].
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Figure 210: a) Quaststatic @gineering stresstrain curvesfrom roomtemperature tensile
testingof the 7.1Mn-0.12St0.1Csteel annealed for 168 h at the temperatures I@statie figure

and water quenchedRelative austenite and martensitactionsas a function of engineering
strain measured with wsitu neutron diffractiorior the b) 575 °C and c) 650 °C heat treatments.
d) Bright-field TEM images (with inset SAED patterns) of an austenite grain in a sample
annealed @600 °C and deformed to 10 %®ngineering strain shows a higtensity of- -
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martensite plates, which locally nucleatsttaininduced aNjnartensite.e) Darkfield TEM

images of an austenite grain in a sample annestl&$0 °C and deformed to 2 éhgineering
strain shows multiple variants efmartensiteFigures ac) from Gibbs[7] and figures ee) from
De Coomaret al.[124].

Recently, both tatic and dynamic strakaging effects have been observed in
engineering stsstrain curves and high framrate thermal imaging for mediuMn TRIP
steels with equiaxed microstructures of ultrafgrained ferrite and austenite
[40][41][42][43][44][45][46]. The stac aging process is characterized by an upper yieldtpoi
lower yield point and yielgboint elongation when interstitial atoms such as carbon diffuse to and
pin edge dislocations. The pinned dislocations are less mobileviag new dislocations are
geneatedwith increasing dislocation densitthe stress drops from the upperthe lower yield
point. Yield-point elongation in lowcarbon ferritic steels typically crosses theigmsection of a
tensile specimenthrough a heterogenous band (Liders bandamg) is associated with aw
work-hardening rat¢136]. The Luders banding in mediuMn TRIP steels is more complex as
the heterogenous deformation not only increases the dislocation density of ferrite grains, but also
initiates stressassisted -martensitetransformation of austenite graifis24]. Dynamic strain
aging effects (serrated plastic flow after Luders banding) has been observed for many-medium
Mn steels and examples are shown Figure 210a for specirens intercritically annealed 600
and 625 °C. The dynamic strain agiisgtypically characterized with large steps of change in
stress and fine serrations in between. Sahelies have associated the-agangement of
interstitial atoms in austenite during a straiduced transformation as the leading cause of
serrations in the tensile curve (after Liders banding has occydelj#l1]. Other studies
attribute therelatively low activation energyf shortrange diffuson of C indislocations cores

[137], C-vacancy complexes, as well rearrangement-MrCcouples during reorientation of the
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lattice through the passage of a stacking fault through the FCC Ip2¢eC-Mn couples have
been theorized to show prominent behavior in low SFE TRIP steels as the low SFE translates to
more widely sepated partialand moe favorableorientations for pinning stacking fauli42].
Finally, there are mantypes of dynamic strataging eventgvarious types of serrations named
PortevinLe Chatelier bandsan exhibit stejwise or jerky flow in stresstrain curvesduring
initiation and propagation afeformation bandsand are simildy attributed in other respects as
related to interactions of interstitial carbon with a stacking fELB8]. Moreover, Liders
banding is not practical for complex geometries of automotive parts as some areas become
thinner than expected during forming operations and ead fto premature failure, while
dynamic strain again can also lead to localized plastic instabilities and premature cracking
[42][43][44][45][46]. Therefore, careful analysis of the mechanical properties, composition and
microstructureof the mediumMn steel investigated in this work will be discussed latethe
context of such plastic instabilities

Multi-phase modeling of mediuin steels is an important aspect in understanding
and predicting alloy design of negéneration AHSS. Mibck et al. predicted the area of
opportunity in mechanical properties, appropriate flord generationsteels, by applying
Mi | ei kods c Jgif9 and vatyieg the @lthselfraction of austenite ahgjhartensite
[33]. In terms of TRIP steel, Ma and Hartmaier were able to includerséensite nucleation
parameter, (based on plastic deformation of austenite), to differentiate between the anisotropy of
stressassisted and strainduced martensitic transformatiofis40]. However,a recent trend in
advanced higlstrength steel design includes finite element frameworks to model deformation,
with the goal of predicting strain localizatioin multiphase steels and informing design

strategies. Latypov et §l41] obtained allof the experimentally determined information about
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the microstructure with electron backscatter (EBSD) maps and concurrently simulated tensile
deformation and microstructural changes through 50 % engineering strain using appropriate
constitutive models outlined by previous wofk42][143]. Moreover, microstructurebased
finite-element models may ultimately provide answers that sufficiently explain the complex
strainrhardening behavior of mulphase steels and will assist in the desigmextgeneration

advanced higistrength steels.

2.4High StrainrRae Deformation

High strain rates can be achieved in a few ways, mainly thetsmbikinson bar test,
uniaxial ring expansion, dynamic torsion and senydraulic tensior{142][143]. Therange of
strain rates necessary to determine an effectmoarostructure involves the consideration of
adiabatic heatingnot present at quastatic strain ratgsfor strain ratesapproximatelygreater
thane = 10° /s. Viscous dislocatiomirag kineticsare considered taultra-high strain rates
(greater thar = 1C° /s), since dislocation velocity approashthe speed of transverse sound
waves[146]. Relevant to this work is the transition from quatatic to low dynamic strain rates
(e= 10* /s toe= 10® /s) [11], which can be used to sitate crash conditions and speeds of
forming operationsChallenges involving measurement of load, strain and temperature at high
rates tends to push the limits of data acquisition and processing, but will be discussed in the
following section.As shown inFigure 211, TWIP steels possess the highest specific energy
absorption of all advanced higitrength steels when axial crush testsdefermedat rates ok =
102 /s.

One measure of stramate sensivity is measured as the change in flow stress at

constant strain, with respect to strain rdié47]. If the stress component increases linearly with
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respect to strain rate, the material is said to have a positive m coefficient, where m is the slope of
the relevat stress vs. strain rate. Flestress relationships mabe understood as a dynamic
interaction oflattice resistance (Peierls barrier), strength of dislocation interactions, interstitial
and solidsolution hardening and grain boundai®48]. However, planar defectdsoneedto be
considered in the flovgtress equation as they provide obstacles to subsequent dislocation
moti on, which s a strengf {l#7¢wentomgto aessififhsamel s m.
common metals into three groups: pure FCC, BCC & HCP and aabkpgoup consisting of
alloyed FCC and/or BCC or HCP which deforms primarily by dislocation slip, but eventually
develops deformation twinning as a secondary mecharkiggare 212 relates thegeneralized
evolution of mechanical properties with respect to decreasing temperature and increasing strain
rate for each of the three groupsigh strain rategan have similar effects on flow stress as low

temperatures due to the thermal and athermal components of flow] 54@ss

0 3+ gBT) HKeTHU) (Equation 24)

G = flow stress

Ua = athermal term (longange barriers)

frictional term (shortange Peirels barriers)

= thermallyactivated term (other sherange barriers)
e = strainrate

T = Temperature

U= strain

Seen in Eqation 24, {, is the athermal component of flow stress, whstdmsfrom
long-range barriers to dislocation motidmat cannot be overcome by thermal gyersuch as
grain boundaries precipitatesor dislocation substructureBl49]. The Peierels barrier, or
frictional component of flow stresél) represents the stress required to overcome lattice friction

and depends on strain raad temperatureThe thermallyactivated term(p) is similar to the
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frictional term in that both depend on strain rate and temperature, but in this case also represents
the storage of dislocations (accumulated through stfa@}) Thermal components in flow stress
originates with shoftange obstacles to dislocation motion, which can be overcome by thermal
energy[150]. For body centered cubicBCC) metals, the primary sherange barrier is the
Peirels stresqﬁo) and for FCC is dislocation foresigelated to Up), which trarslates to
differences in strainate sensitivities for pure BCé@nd pure FCC materia]$50]. Solute atoms

can also e as thermallyactivated shortange barriersgspeciallySi in high-Mn austenitic

steels which will be discussed in secti@gn2.9through the context of higbtran-rate behavior

[65].

Twinning-induced plasticity steel

Transformation-induced plasticity steel |

Dual phase steel |

High strength low alloy steel |

Interstitial-free steel |

Bake-hardenable steel ]

Rephosphorized steel
0 0.1 0.2 0.3 0.4 0.5
Specific energy absorption at strain rate of 100/s, J/mm?
Figure 211: A qualitative comparison of the crash performance properties (obtained after high

strain rate axial crush tests) of various generations of advanced high strength steels. Figure from
De Coomaret al.[101].
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Figure 212 The generalized effect of an increase in strain rate on true-stragscurves for: a)
pure FCC b)pure BCC & pure HCP c) alloyed FCC and/or BC&nd HCP which develop
deformation twinningFigure from Gray148].

Campbell et al. [151] studied anealed mild steel a( microstructure with
polycrystallineBCC crystal structufeand measured positive straifrate sensitivity of the lower
yield stress (se€igure 213). Specifically, lower yieldstress increases linearly with strain rate
for various temperatured 95 K to 373 K, where the thermal component dominates (feom
102 /s toe= 1C° /s). However, at strain rates eF 10* /s and greater, where viscous drag
influences dislocation vetity, the lower yield stress increases in a parabolic mavwitar
increasing strain rate. These observations are consistent with the expectation that the Peirels
barrier in BCC metals conbuites to strong positive strafate sensitivity when thermally
activated and timaedependent shorange barriers dominate the contribution to yield stkgss
inhibiting dislocation mobility[150] as generalized ifrigure 212b. To clarify, if longrange
dislocation interactions dominate a given stress component,tditthe strainrate sensitivity is
expected149], which is the case when mild steel is deformed at high temperati@@¥(and
713 K) and stram rates belove = 10° /s[151].

Thermallyactivated dislocation mobility in alloyed FCC steels, such as Hadfield

steels also shows a strdygoositive strairrate sensitivity of the flow stress to thermally
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activated and timeependent shorange barrierg152] as the yield strength ifigure 214a
nearly doubles, (an increase of approximately 500 Miagn increasing strain rate froer= 10

3 /s toe= 10 /s. The generalized behavior of alloyed FCC metal&igure 212c, (increasing
strain rate increases yield stgth and straihardening rate)nearly matches the results of the
Hadfield stee[seeFigure 214a) andFigure 214b showsthe steep increase in strege = 10° /s

for various values of true plastic strain, which is attributed to viscous drag on dislo¢afahs
In contrast pure FCC materials such as coppely exhibit a modest increase in yield stress of
approximately 100 MP&hen strain rate is increased 7 orders of magnitudeHigere 215),

which is consistent with the behavior describe#igure 212a.
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Figure 213: Strain rate and temperature dependenclweér yield stress in an annealed mild
steel, organized by areas of dominating contribgtisunch as 1) athermal componehfghermal
componerg and 1V) viscous drag of dislocation velocitlyigure replotted byBruce[153] from
Campbellet al.[151].
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Hadfield Steefor room temperature tensile tedtggure from Lee et a[152].
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2.4.1 MechanicalTesting Recommendatioasid Interruption at High Strain Rates

A fundamental unerstanding of the deformation mechanisms of TVWHIP steels
at high strain rates will be beneficial for implementing these steels into automotive vehicles and
designing future TWIFTRIP steel grades, particularly as it relates to the response of-TWIP
TRIP steels to high strain rates experienced during crashes and advanced forming pfb@ksses
Under crash conditits, steel components are subjected to a wide range of strain rates, most of
which can be simulated with tensile tests in the strain rate rarege d02 /s toe= 10 /s [11].
Implementation of complex geometries and varying thicknesses of automotive body parts
requires a deeper understanding of TWRIP steel behavior at high strain rates, since many
studies on sheet steels have shown dnante of specimen thickness on mechanical properties
[155][156][157][158][159]. Interrupted tests are essential for gaining adeipth understanding
of how nextgeneration steels behave lgh strain rates. Interrupted higate tests with
electromagnetic forming have been reported as far back as 1982 and allow for characterization of
the microstructure at appropriate levels of stfa®0]. Choiet d. [161] measired the volume
fraction of retained austenite in two different TRIP sheet steels as a function of strain at rates up
to e= 6x1C /s with the use of an integption device during high strairate tensile testing. The
methalology to interrupt high straimate tensile tests developed by Chobial. was used in the
present work. As such, the structym®pety information from high straimate tensile tests is
potentially useful for models to predict the performance of sheet steel forming behavior and

automotve crash response of components in the vehicle body.
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2.4.2 Adiabatic Heating

A fraction of plastic deformation is converted to heat during tensile testing and can
raise the temperature of the tensile specimen, depending on the rate of plastic def¢i®@jtion
High strainrratetensiletesting does not allow sufficient time for heat to diffuse from the interior
of a tende specimen to the free surfaceghich leads to adiabatibeating.Since adiabatic
heating is a product of higher strain rates and SFE is sensitive to temperature, understanding the
deformation mechanisms as a function of strain fatemicrostructuresontaining austenite
requires quantitativaneasuresof the heat produced during a tensile tg88]. Work by
RodriquezMartinezet al.[17] employed a novel method of-8itu measurements of temperature
with a high speed thermal camera during high strain tesfifS| 304 stainless steek room
temperaturgseeFigure 216). The heat generated throughout theiggasection after yielding
increased almost lgarly as a function of true strain up until the point of necking, upon which the

temperature increased dramatically.
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Figure 216: a) Maximum temperature increase and true stress as a function straunefor
AISI 304 stainless steeleformed at room temperatu®) Maximum temperature increase as a
function of time in AISI 304 stainless steel. Figure from Rodrigdartinezet al.[17].
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eT —_  , Q- (Equation 25)

&l = change in temperature
I = conversion efficiency (plastic work to heat)
" = mass density
0 = heat capacity
- = plastic strain
Equation 25 shows the predicted change in temperafedi® as a function of plastic

strain ¢ and stress,(, wherg is the efficiency of conversion of plastic work to héatjs the

heat capacity anli s t he mat er i[E0].Novel mparimentdl eechaigquesyhave
been utilized to measure the amount of retained austenite and rise in adiabatic heating via non
confact methods for TRIP and DP stefl$2]. In the case of third generation AHSS, work by
Poling [19] on QP980(Fe-1.79Mn1.52S#0.039A0.2C in wt%) and TRIP7Mn(Fe-7.14Mn
0.23St0.056AH0.14C in wt%) steels studied the effect of strain rate on mechanical properties
using servehydraulic tension (seBigure 217a/b) and measured the change in temperature at
UTS using a highate dataacquisition thermocouple system at strain rates &enix10°/s toe

= 1x1F /s. Most importantly, the adiabatic heating model used in the study on the TRIP7Mn
steel, (see specific values as related to EquatibnireFigure 217d), confirmed that the heat
generated during tensile deformation did not reach adiabatic conditions until a strainerate of
1x10' /s and greaterThis is an important point of discussion in the next section as related to
relative stability of austete and the TRIP mechanisms, as welsappression of dynamic strain

aging in the mediuaMn AHSS.
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Figure 217: a) Enginedng stressstrain curves for quenched and partitio®&8d steel deformed
at strain ratedrome= 1x10° /s toe = 1x1F /s at room temperaturand b) corresponding
temperatures at UTS®) Engineering stresstrain curves for TRIP7Mn steel deformed at strain
rates frome= 5x10* /s toe= 2x1@F /s at room temperatuyeplus d) corresponding change in
temperature at UTS for a given strain ratel an adiabatic heating modElgures from Poling
[19].

2.4.3 Effects of Stain Rate on Deformation Mechanisms&High-Mn and MediuraMn
Steels
In the high straifrate condition, some FCC metals that possess a high SFE and do
not normally twin under quasttatic deformation, may actually twin easily at the high stress
levels associated with high rates of plastic stfd#8]. The second fold of these conditions
reveals that certain materials, which already favor twinning at intermediate environment

temperatures and strain rates, may display an increase in twinningy densiore extreme
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conditionswhen viscous drag of dislocatiomentributes more significantly to flow stress, as
compared tothe equilibration of heafl48]. Although temperature influences SFE, which
influences mechanical properties, temperature also has a direct effect on mechanical twinning.
Specifically, Steinmetz et 4F7] showed that an increase temperature from 293 to 473 K
delayed the onset of twinning from 0.1 to 0.18 true stiraia highMn TWIP steel due to an
increase in critical stress for twinningtféctively, at 473 K the strathardening rate was lower

at early levels of strain as mpared to 293 K, but the twin volume fraction after 0.4 true strain
was nearly the same. At 673 K and abothe typical boost in straimardening rate due to
twinning is nearly absent, which means the onset of twinning was delayed to high levels of strain
such that the change in twin volume fraction never reached its full potential as compared to room
temperatureHowever, when consideringnly yielding behaviorin AHSS shortrange barriers

have been shown to be the leadicauses of increases in stragte sensitivity for ferritic
stainless, austenitic stainless, dphhse, quenched and partitioned and TRIP steeld-{gaee

2-18). The strainrate sensitivity of the ferritic stainless steel wasarly the same athe
austenitic stainless steeindicating the BCC Peirels barrgnave similar contributions (in terms

of order of magnitude) a@bermallyactivated shoftange FCC barriers.
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Figure 2-18: Yield stress versus strain rat@easured at room temperatdoe a) 409 ULTRA
FORM® ferritic stainless steel, @ commerciatiual phase steel, 809and 304L stainless steels
and g dualphase 980, uenched angartitioned 980, quenched and partitioned 3Mn and TRIP
7Mn steels(LYS is the lower yield stresmeasuredfter yieldpoint elongation)Figurea) from
Clarkeet al.[163], b) from Brucg153] c) from Lichtenfeldet al.[16] and g from Poling[19].

The work of Grassedt al.[30] is of particular interest for the first half of the present
study on a F@5Mn-3AI-3Si wt% steel as the high straiate mechanicaproperties were
previously measured with st#ized tensile samples using multiple mechanical testing methods.
The results seen iRigure 219 show a strong strairrate sensitivity of the yield and ultimate

tensile strengths, which was not discussed in detail as the focus of the paper pointed more

towards the other highin steel alloy development and the effects of temperature on mechanical
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properties.Grasselet al. [30] measured a small negative straéite sensitivity of uniform
elongation and attributed the observation to adiabatic heating, but the relative increase in
temperature during testing was never measured. Further, only twiwasgbserved in TEM

and no hip strainrate tests were interrupted to investigate the evolution of the microstructure.
As Piercg[31] identified the combination of twins and hexagonahartensite, the presework

will investigate the role of strain rate on any changes in microstructural evolution that may occur
due to changes in stacking fault energy. A study by Cwtzad. [68] measured the effects of
stacking fault energy, temperature and strain rateF@®kn-Al-Si steels. Thechemical and
magnetic contributions to SFE are showrrigure 220a and the effect of temperature on SFE is
represented irrigure 220b. Mainly, all FeMn-Al-Si steels possessed rodemperature SFE
values between 20 and 45 m3/fihe twinning-dominated regime) and the alloy with a RT SFE

of 42 mJ/m (labeled TWIP 3)vould need to be deformed at a temperatir@pproximately8s

°C to change the SFE to a value that would suppress twinRurghermore, all thred WIP

steels had positive stramte sensitivities of YS and UTS (séigure 220c). Notably, increasing

the strainrate frome= 1x10°% /s toe= 1x1C /s increased the uniform and total elongations of
the TWIP steel with the RT SFE of 21 mJ/(iabeled TWIP 1) whereabe TWIP steel with the

RT SFE of 42 mJ/fm(labeled TWIP 3) exhibited a reduction in uniform and total elongations,

which was attributed to an increase in SFE through adiabatic h§éging
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The effect of strain ratdrom e = 1x10° /s toe = 1x10* /s) on mechanical properties
and deformation mechanisms was studied previously for B2Ma+-0.6C TWIP stee[20]. The
authors concluded that lower strain rates faaasteniteto - -martensite TRIP effects whereas
high strain rates favor mechanical twinning afistenite (TWIP effects). The straimate
dependence of the plagty enhancement was due to a critically resolved shear stress (CRSS)
dependence of themartensiteon temperature, rather than the slight increase in SFE due to
adiabatic heating. Furthermore, Lekal. [20] also reported that with increasing strain rate, the
strainhardening rate initially decreased and thenaa&d again. The highest stramardening
value achieved was at the lowest strain rate when THH#Zt® dominated and the strain
hardening values had a minimum at®1@s when TRIP & TWIP effects were in competition
[20]. However, this fully austenitic steel contained Portdwen Chatelier bands during
deformation, due tdhe significant amount of carbon presetother study byranget al.[21]
investigated two austenitic steels thevealed contrasting behavioihe DSAfree FeMnSiA
steel did not show any strarate sensitivity of twinimg density for all studied strain rates (from
e=10%/s toe= 10° /s) and exhibited a strong positisgainrate sensitivity of the YS, UTS and
PSE (sed-igure 221a)[21]. The FeMnC steel, which deformed in part through dygastriain
aging (DSA) at quai-static strain ratesshowed an obvious decrease in density of twin
boundarieand DSA activityat higher s@in rates and a negative straéiie sensitivity of th&'S
and UTS(seeFigure 221b) [21]. It is possible that negative straite sensitivitycan occur in
steels due to thimfluencesfrom a change itwinning and/or transformation rate of austenite, as
well asthe critical strain for onset dSA [20][164]. As DSA activity declineswith increasing
strain rateduring roomtemperature tensile teststrain rate sensitivityf the UTS becomes

negative[19].
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For roomtemperature tensile tests at qustsitic strain rates, there are many articles
that have investigated deformation mechanisms and mechanical properties of 1Nkdaiels
by reporting theeffect ofintercritical annealing temperature, phase size and phase fractions of
the microstructure[39][55][56][165][54] as has been discussed previously in secfidh
Extensive work by Poling19] on a TRIP7Mn steel included changing the environment test
temperature and strain rate to study mechanical propeffiggré 222a) and used an
interruption deviceg13] and Xray diffraction to masurethe transformation rate aktained
austenite(see Figure 222b). The TRIP7Mn stee(Fe-7.14Mn0.23S+0.056A0.14C in wt%)
consisted of an eqaxed ferriteaustenite UFG microstructure and had significant static aging
(Luders banding) and dynamic strain aging during room temperaturesjatsiservehydraulic
tensile tests. Polinfl9] noted that adiabatic heating causes an increase in aeistebility,
(less TRIP activitydue to an increase in SkEduring high strairrate tests at all test
temperatures and the test temperature of 70 °C showed the greatest stability. Also, the

discontinuous serrated plastic flow @igpeared at high strairates and wasttributed to
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adiabatic heiing. The disappearance of DSA at high straingagpecimen selieating at high
levels of plastic strain and significardiabatic heating at high stramtes all contributed to the
negative strain rate sensitivities of the UTS and UE Fsgere 222d/f). However, the uppema
lower YS had positive tein-rate sensitivities, indicating the shoainge barriers played a
significant role during vyielding of the multhase mediuaAMn TRIP steel. Increasing
temperature generally decreased strength and increased ductilitifigsee 222c/e) for the
same stee]19]. To contrast and compatbe work by Poling19], the transformation rate of
austenite wasiot affected by strain ratend adiabatic heaig in a TRIP700steel (Fe-1.6Mn-
1.5A1-0.22G0.05Si supplied by Thyssdfrupp Stahl AG) but an increase ienvironment
temperature stabilized the austenite by increasing thel BREas shown irFigure 223. Poling
concluded several reasons foe ttlisparity between high strafate test results of various TRIP
steels, including more heat dissipation during testing from miniature specimengerdiffs in

thermal conductivity, initial austenite content and grain size/morph¢i&jy
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Figure 222 a) Engineering stresstrain curves for TRIP7Mn steel from tensile tests at strain
rates ofe = 5x10% /s toe = 1x10! /s and temperatures 6fl0, 22 and 70 °C, plus the
corresponding changes in retained austenite volume % as a function of plastic engineering strain.
Dependence of yield strengths and ultimate tensile strenghts on c) temperature and d) strain rate.
Deperdence of uniform and total elongation on e) temperature and f) strairFigiees from
Poling[19].
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Figure 223: Tensile test results for TRIP700 steel tested at strain ratesefroax10* /s toe =
4x10% /s for hree different temperaturesg0, 20 and 100 °C). Figures from Jiméeeal.[14].
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2.50bjectives and Goals

There is strong agreement in the literattwacerninghe effecs of environmentest
temperature orensile propertiesand stacking fault energy of austenitesecond and third
generation AHSSAN increase in environment test temperatdiminishes strength and werk
hardening rate, increases the stacking fault energy of austenite and decreases the transformation
rate of austenite[12][13][14][77][68][19][21][148][60][66][30][67][61][68][69]. However,
based on the literate presented in thishapter,there issignificant scatter andisageement
regardingthe effects of strain rate and adiabatic heabimghe martensite transformation rate and
activity of twinning during high straimate deformationDepending on the austenite fraction,
morphology, grain size, phase composition and stacking fault eremmgycrease in straiate
can leadto a decrease in martensite transformation fA%{16][17][18][19], an increase in
density of mechanical twinning21][148], a transition from transformatiettlominated @
twinning-dominated plasticiggnhancing mechanism§20], or no effect at all on the
transformation rat§l3][14]. The effect of adiabaticdating is certainlynore prevalent at higher
strainrates and high levels of accumulated strain, but based on which strengthening mechanisms
are sed in various higiMn and mediurrMn steels, the temperature and straate contributions
to the thermal component of flow stresan result in various stramate sensitivities of UTS
[19][149][150][65][18]. These differentiations of course become more complex in -pludtse
steels that deform in pa by static and dynamic straaging phenomena
[40][41][42][43][44][45][46]. Finally, it is possible that more than one of the proposed twinning
mechanismgontribute to strakhardening in a single TWIP steel, plssnsitivitiesof twinning
and dislocation substructurdée interstitial contentlikely contibute to the complex work

hardening behaviasf TWIP and TWIRTRIP steelg79][77][92][93][94][95][96][97].
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The goal of this work is to gain a fundamentedderstandingf the effects of strain
rate on the mechanical properties and deformation mexrha in noncommercial and
industrially relevant AHSSThe present researcises advanced characterization techniques and
novel n-situ temperature measurement methods duringhaeical testingo investigate the
fundamental behavior of two AHSSVhere austenite is a major or @inor microstructural
constituenthigh-Mn and mediurrMn steels respectivelyhe effect of strain rate on changes in
strength, ductility and workhardenng rate of advarced high strength steels aneeasured.
Deformed microstructureare characterized to study the influencestrfain rateon the dominat
deformation mechanismis singlephase and muHlphase steels, when austenite SFE is held
constant Speémen heatingmeasurements angsed to predict the changes stacking fault
energyusing a thermodynamic model to investigate to what degree adiabatic heating affects
deformation mechanisms @nd tensile properties GFWIP-TRIP steelsImportant aspects
alloy design of next generation AHSSIch as annealing temperature, bulk compasitiad
constituent compositionra consideredn regard toaustenite SFE and the effects of annealing
time on phase fraction and grain size were measiifeeffect of anealing time orhigh strain
rate behaviowas also investigated range of empirical techniques and results were considered
so as to inform constitutive modeling of an AHSS, which allowed for predictionemf

generation AHSS properties using tunableapaaters relevant for AHSS design.
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CHAPTER 3

3. EXPERIMENTAL METHODS

3.1 Materials and Thermiechanical Processing

3.1.1 Fe25Mn-3Al-3Si Steel

The highMn steel alloy, [Fe24.8Mn2.99A13.03510.019G<0.0010 wt%], was
induction melted, cast into an ingotam Ar atmosphere and thermmechanically processed by
hot rolling at 1100C to produce twol0-mm thick plates.One plate was further processed for
uniaxial ring expansion testing and the other for séryaraulic tension.

A 50% cold-rolled reducton was aplied to one of the Xnm thick platesto
produce a 8nm thick plate andhenrecrystallized for 0.5 h in air atmosphere at 900 TRis
plate was used fanachininguniaxial ring expansion specimens, where the height of thasing
thethickness of the jpke (5 mm).Grain size analysis using ASTM E1[166] yielded a 2Qum
average grain size

The other 1@mm thick platewas sectioned in half to studhe effect of sheet
thickness on servhydraulic tensile propertie§he plate halves were furthrehotrolled to 3.0
and 2.2 mmthena 50% coldrolled reduction was applied tespectivelycreate 1.5 and 1.1 mm
sheets. These sheets were recrystallized for 0.5 h in air at 900 °C. Parallel plate grinding was
used to remove the oxide scale and produced final sheet thicknesses of 1. BbanthOGrain
size analysis using ASTM E11[A66] yielded a 21 um average grain size for both sheet
thicknesses (1.15 mm and 0.95 mm). Thus, the 1.15 mm thick sheet has a slightly higher

thicknessto-grainsize ratio.
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3.1.2 Fe12Mn-3Al-0.05C Steel

The mediurMn steel alloy,An ingot of [Fe12.27Mn-3.01AI-0.046C-<0.001Q
(wt%) was induction melted, cast into an ingotamAr atmosphere and theramoechanically
processed by hot rolling at 90C to 3.4 mm thickness, homogenized in anamosphere at
110CC for 2 h,waterquenched to room temperature, (below the Ms temperature) and cold
rolled to 1.7 mm, (a 50 % reduction in thickness), to produce a fully deformed martensitic
microstructure. To study the effect of annealing time, samples were anae&kfi °Cfor 0.5, 8
and 48 hGrain size measurements with electron backscatter diffraction of the ukgafimed

multi-phase microstructure will be discussed in secti@2

3.2 Specimen Machining and Mechanical Testing

3.2.1 Uniaxial Ring Expansioof High-Mn Steel

High strairrate uniaxial ring expansiowas usedto study microstructures after
interruption at high straimatesat The Ohio State Universit§ightsets of thre€oncentric rings
were machined from the 5 mm plate with inner détens of 15.9, 25.4 & 50.8 m(adrawing d
the concentric rings shown Figure 31a). Wall thicknesse®f each ringwere chosen such that
the same radius/thickness ratio wasiewobd to keep a consistent hesfpess state, (when
modeled as a thiwalled pressure vessdl}67]. The expansion method was equipped with a
large bank capacitor to deliver large amountemdrgyon the order of kin extremely short
timeframes (a fewus) to vaporize an Al wire, which expands an elastomer and eventbally t

ring of steel (setup seen ifrigure 32). A laser was mountedway from the test setup and
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pointed orthogonally to the outer wall of the expanding. The change in frequency is used to

calculate velocity and acceleration of the expanded ring via photonic Doppler velocimetry (pDv)

[167].

/ Rolling direction
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Figure 31: a) Drawing of uniaxial ring expansiorspecimengunits in inches)such that the

height of rings is equal to the thickness of the plate. b) specimens were machined along the
rolling direction and holes were appropriately drilled to feed the wire through for electro
discharge machining of th@ concentric set of rings.
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Figure 32: a) Schematic of the uniaxial ring expansion setup and b) the actual setup with a
mediumsized ring. ¢) A comparison of the unexpanded ring sizes is shown (ruler units in
inches).

3.2.2 ServeHydraulic Tensiorof High-Mn Steel

Tensile specimens for elongation to failure and interruptiere wire electro
discharge machined with dimensions as indicatdeélgnre 33, based on specimen designs from
Choiet al.and Addessi¢161][168]. The 3.05 mm radius of the grip notches on the interruption
geometry were further notched with a slow speed diamond saw blade to ensure interruption after
the desired deformation in theugge secton. The schematic of the interruption device is shown
in Figure 34. Tensile testing was performed Colorado School of Minesith a MTS 810 high
rateservehydraulic testing system. The system was comprised of & S@@apacity frame with
a 50 kN capacity actuator. A 480! Kistler piezoelectric load washer was used to measure load.

Data acquisition rates up to 2/Hz are attained through the Nationastruments oscilloscope
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software program VirtualBench Scdffeand a National Instruments -b data acquisition

board with four data channels. A twalve system and a slack adapter on the actuator allow the
actuator to move at low and high rates. $trmas measured with a high elongation Vishay EP
08-250BG 120 strain gage adhered to the specimen with VishayB@ind A-12. However, the

strain gaige often detached prior to necking of the specimen as the stugja gaonly rated up

to a total strain of @. For tests at= 2x10' /s and slower, the engineering strain rate prior to
debonding was used to extrapolate the strain data to fracture. Total strain in every mechanical
test was corroborated with caliper measurements of thgegiength before andfter tension
testing(seeFigure 35a-b). Specimens were strained in tension at various strain ratesgfrom
2x10% /s toe = 2x1F /s) either to fdure or to specific strain levels using the interruption device

and technique developed by Cletial.[161].

Regular High Rate

25.4 mm T
57.2 mm 57.2 mm
| A f—— k A =
w~ oy U
14.5 mmi_ _________________________________________________________________________________________ -
\ 6.35 mm
R6.35 mm
Interrupted High Rate 25.4
4 mm T
76.2 mm 50.8 mm 38.1 mm
_k || | k 1k - k-
\__ Vv 1/ N
14.5 mm_I__ ______________________________________________________________________________________ ¢ ________ B I IZI,_
; 6.35 7\
R6.35 mm mm R3.05 mm 1\3'05 mm

Figure 33: Drawing of fabricated tensile sgeens for failure and interruption at high strain
rates, (T is sheet thickness), based on previous s{udizf168].
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Figure 34: Schematic of stopper dynamics during high strain rate interruption of sheet metals.
Figure from Choket al.[161].

i o\
Figure 35: a) Strain gaged pullto failure tensile specimen with a 1 inch (25.4 mmjigga
length and theetupwith the b) interruption geometry and dev{celer units in inches)) Setup
of a pull to failure test a= 10? /s with a plastic strain g@e mounted on the gge lengthand
two elastic gages mounted on the grip section near the load washer. d) Representative thermal
camera view of the tensile specimen, in this case during an interrupted test, (note the black
spraypaint on the side viewed by the camera).

3.2.3 Seno-HydraulicTension ofMedium-Mn Steeland Digitatimage Correlation
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Figure 36: Servohydraulic pecimen geometryor grip-loaded and piloaded geometries
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Figure 37: Mechanical testing setups fa) low rate testdrome= 10 /s toe= 102 /s, b)
mediumrate ess ate= 10' /s andc) highrate tests a¢ = 107 /s. Note the locations of the optical
digital image correlation cameras and infrared thermal camera.
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Figure 38: Tensle specimen pulled to failurate= 10' /s (note the pidoading holes). The

image isused to show the size scale (ruler in inches) of the digital image correlation marks
(black ink marks on a whiteackground).

Figure 36 shows the specimen used in the sduydraulic testsinvolving the
mediumMn steel Specimens used in lerate tests on thenstron 8502did not have pirgrip
holes. Specimens were wajet cut from the original sheets. Hwading holes were milled with
a carbide tool while clamped in the vise of a milling machine. In general, the holes passed the
loading pin without excessiverce.

Tests at nominal strain rate$ e= 10* /s ande= 102 /s took place on a 100 kN
servehydraulic test machine with hydraulic grigsee Figure 37a). Strain measurement
generally employed redime digital image correlation (seEigure 38) using Correlated
Solutions VieGaugeto virtually define a nominal G = 19.8 mm extensometer. Thistresd
processing sent a signal proportional to the strain directly to thentedtine software. In
parallel, the software saved a subset of thages for postest analysis (Correlated Solutis
Vic-3d7). In several casgshese images were used to compute the strain, alsartoglly
defining a nominal G = 19.8 mm extensometer and computing engineering strain from the
position of individual subss in the test. Usual analygiarameters were approximately 30 pixel
subset size, and 7 pixel step. The patterndigital image correlation¥IC) was white paint
sprayed on one face of the specimen, with black random pattern applied by an inkedawHer.

rate tests used Point Grey Gazelle 4 MP CMOS cameras
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Tests ata nominal rateof e = 10" /s took place on the National Center for
Automotive Lightweighting (NCAL)high-rate servohydraulic test machine (at the National
Institute of Standards and Tewllogy in Gaithersburg, MDWhich uses a slack adap&nd pin
loaded grips.Figure 37b shows a typical test setup. Forces were measured using a Kistler load
washer. Cameras were 1 MP Photron SA5, windowed to 1Z&8k and acquiring images at
21,000 frames per second. The DIGtpen was applied by white paint with black ink applied by

an inked rollerTwo halogen lamps positioned about 10 cm from the speqmmmesded lighting,

but tendedo heat the surface of the specimen abOLR:Lefore the test.

Tests at nominal rate= 10 /s took place on the NCAL highate servohydraulic
test machine, which uses a slack adapter@nloaded gripsFigure 37c shows a typical &
setupthat usedarge LED lights, which heated the specimen teas halogen lightand allowed
shorter exposes. Images were acquired at @Q frames per second. All specimens were
instrumented with two strain gges (CEA13-250UW-350) for force mesurement, because the
impact of the slack adapter produced unacceptable ringing in the load washer forcéssignal
Figure 37c). Before each testhese gages were calibrated against the load washer up to P =
1200 N force in the testing machine. In these tests, the DIC pattern wasbasgiteand black

overspray, which produced more optimal spot size.

3.2.4 Kolsky-Bar Tension of MediurrMn SheetSteel

Kolsy-Bar specimens were machined (s#@wing in Figure 39) from the same
medum-Mn steel sheets used feervehydraulic testing. These specimenaeyin-loadedonto
a 1 m strikerbar (seeFigure 310) and pessuref 70 psi were used to achieve failure of the

specimenst approximatele = 1 x 16 /s, while pressures of 40 psi were ugednterrupt tests
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via a momentum trap, as recomrded by the 11S[144]. Analysis of stress was cartdieut as
described by Whitentofil69] and ultrahigh frame rate digital image correlation was used to
measure strain in the gge length as described in sect®a.3
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Figure 39: Drawingof pin-loadedsheet specimerfer Kolsky-bar deformation
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Figure 310: Kolsky-Bar setupat the National Instituteof Standards and Technology in
Gaithersburg, MD.

3.3Non-ContactTemperature Measurements

Non-contact temperature measuremesiising servehydraulic testing of the high

Mn alloy were collected during alinechanical tests with an infrared thermal camera (FLIR
A655sc) at a frame rate of 200 Hz (5 ms between frames), to produce a matrix with 640 x 120
pixel resolution per frame. The calibration range of this devieé(do 150 °C, and within this
range theoverall accuracy of absolute temperature measurement is £3 °C. The maximum reading
which could be displayed outside this calibrated range was 160.2 °C. To ensure consistent
temperature measurements, the side of tlhigeyaection without a strain gge wascoated with

black spray paint [emissivity approximately equal to 1]. The camera had an unobstructed view of
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the specimen during testimg seen ifrigure 35d. A large sheet of cardboard was placed behind

the specimen during testing to achieve a uniform background. The absolute values of the non
contact temperature measurements were corroborated by measurements made with a
thermocouple that was resistewelded to the other side of a tensile specimen during a practice
test. Non-contact temperature measurements during seydoaulic testing of the mediwMn

alloy were collected duringll teststo capturea thermal history of the specimen usin§laR®

A655sccamera (640x48pixels at 30 fps and windowed to 640x240 at 60 fps).

3.4Data Acquisition at High Strain Rates

In the case of testsith the highMn alloy ate = 2x1CG /s, measurement of load and
strain was performed with multiple methods. The engineering strain rate was higher than
expected based on the actual displacement rate and resulted in extrapolated total elongation
values up taeng. = 0.25 greater than totalomgation measured on the fractured tensile specimen
with calipers. Therefore, far= 2x1F /s tests, actuator displacement rate was used instead to
estimate strain after debonding of the straingga For tests faster thax 2x10 /s, the swift
connedbn of the slack adapter generated mechanical resonance in the specimen and testing
machine, which led to large oscillations in the load data, as seen in supplenkeguaeyA-1.
The loadringing amplitude could be minimized by reducing the mass betweenuge gaction
and the load measuring device, which is why titanium grips were[456§153]. Yanget al.
suggest the use of two elassitain gages to redce load oscillations (one on easlde of the
grip sectionseen inFigure 35c) during high straifrate tensile testing on a serkgdraulic
testing maching170]. The load data from both strainugges is averaged and significantly

reduces oscillation amplitude, as shown in supplemeifigiyre A2. Although this was not an
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option for all pultto-failure tests, this concept wasplemented in one test to check agreement
of the hardwardased method suggested by Yastgal. with the softwarebased smoothing
methods described below. The dataduction methods implemented in this work for the tests at
= 2x1CF /s comprise a movingverage using MATLAB (three iterations of smoothing for each
data set), and spline fitting of the lineglastic region and neckidgacture regions using
GraphefM software, as shown iRigure A-3. Both the hardware and softwarsased smoothing
methods provide satisfactory sotuis to the problematic raw loagasher data, as shown in
Figure A4.

Low-rate testof the mediuriMn alloy used the strain signal directly output from
the Vic-gauge where possible. In some cases, where théimeahnalysis failed during the test,
the individual images were analyzed ptestt, but always with a nominal G = 19.8 mm gauge
length. Strains from mediwmate €= 2x10 /s) tests were always comfed postest with the
same nominal G = 19.8 mm gauge length. Forces and stresses were computed from the load
washer signal. The higtate tests employed a more complicated analysis. The force and stress
signals were computed as the average from the twainsgaiges during the test. The tensile

strength, §, was calculated from the fordene signal captured using a parallel, high speed data

acquisition unit running at 500 khz, instead of the unit that captured the images, which ran at 21
khz. Actual engieering strain rates were calculated from a linear regression of the engineering
straintime data, generally in a strain region after yield, and always befondtilmate tensile

strength.
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3.5Optical Microscopy
Samples for optical microscopy were paiegdfrom the highMn and mediurrivin
steelsby grinding through 400, 600, 800 & 1200 grit SiC paper, mechanical polishing through
3um & 1um diamond suspensions, plus a 50 nm silica suspension and then finally etched with a

10% nital solution(10 % HNQ in 90 % CHOH by volume).

3.6 Micro-Hardness Testing
Micro-hardness measurements were made on 3 mm discs of every deformed sample
of the highMn alloy (on samples qgpared for optical microscopwith 32 indents per sample

and 400 um spacing between indgnising an 800 g load on a Vickers mibiardness machine.

3.7 Characgrization of Planar Defects in tis#ngle Phase Highvin Steel

To quantitatively characterize the effects of strain rate on changes in the distribution
of planar defect@én the highMn steel(especialy twins and--martensiteooth SEM and TEM
based characterization techniques have been utilized by qi&E}58][59][174][61][176].

Such characterization techniques are used to quantify the thécandsspacing of planar defec
(seeFigure Bl andFigure B2) and include electron backscattiffraction (EBSD), electron
channelng contrast imaging (ECCI), and conventional deld transmission electron
microscopy (DFTEM). To minimize as many variables as possible in quantifying planar defects,
the microscopy work discussed in tluisapteris based on tensile specimens of thens sheet
thickness (1.15 mm). Micrbardness indents were placed in a grid on polished SEM samples to
act as markers during imaging. EBSD was used to survey grains with <101> orientations parallel
to the beam direction. For those properly oriented gr&®C| was used to first survey for

proper channeling conditionshen record at mediurhigh magnification a slow scan image
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revealing the planar defectEigure Bl shows example images recorded on the different
microscopes. Suitable DHEM diffracting conditions were achieved with a TEM (FEdcnai

Osiris) at 200 kV by first surveying grains with convergent beam electron diffraction (CBED)

and orientng them to a <101> beam direction, followed by selecting the appropriate extra
reflections (twinnh g -onarteriSite) in selecteatea electron diffraction (SAEMatternswith

a sufficiently smal/l (10 em) obj eagefFigueBapertu
2). An imageprocessing recipe [FFT filter, adaptive threshold, blabite inversion, feature

rejection and watershed] was used to sedrpéanar defects from a given image using MIPAR
software[177]. Approximately 100ihes were drawn perpendicular to the segmented defects and

used to count the thickness of and spacing between all planar defects in a given image.

3.7.1 Electron Backscattddiffraction and Electron Channeling Contrast Imaging

For scanning electron microsgofSEM) sample preparatiasf the highMn stee| 3
mm discs electralischarge machined from gge sections were mounted in conductive bakelite.
To achieve the preparation quality needed for fiEgolution measurements in the SEM, (which
are discussedbovg, the bulk samples were mechanically polished with SiC p@@€r through
1200 grit)autopolished with3 um andl um diamond spray solution, etched for 20 s with 3 %
nital to chemically remove mechanical polishing effects and-polished through &0 nm
oxide polishing suspension, before final cleaniBBSD on a fieldemission SEM (JEOL JSM
6500F) at 25 kV was used to survey grains with <101> orientations parallel to the beam
direction. For those properlyiented grains, ECCI on a fieleimissionSEM (Zeiss Merlin) at 30
kV was used to first survey for proper channeling conditidghen record at mediurhigh

magnification a slow scan image revealing the planar defects.
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3.7.2 Transmission Electron Microscopy

For transmission electron microscopy (TEMjngle preparation from the wge
sectiors of interruptedand pullegto-failure tensile specimenfrom the highMn stee] 3 mm
discs were wire electrdischarge machined orthogonal to the thickness dimension. To achieve
electron transparency, these discsemmechanically polished to ~100 um with SiC paper and
electrepolished with a Struers TenuPsltwin jet system-@0 °C, 15 V, 80 % CkDH, 20 %
HNOs by volume).Conventional transmission electron microscopghniques wercompleted

with an FEITecnaiOsiris TEM operatedt 200 k\.

3.8Characterization of Ultrafin&rained Morphology, Alloy Partitioningnd Deformation
Mechanisms in th¥ulti-Phase MediuaMn Steel

3.8.1 Electron Backscatter Diffraction

For electron backscattatiffraction (EBSD) sample preparation, sections of the
intercritically annealednediumMn steelwere mounted in conductive Bakelite and the rolling
direction was noted. These samples were successively ground using 400, 600, 800, 1000 and
1200 grit SiC paer, autepolished with a Jum diamond solution, etched for 5 s with 5 % Nital
to chemically remove mechanical polishing effects, (5 % EINOO5 % CHOH by volume),
handpolished in a 50 nm OPS suspension, washed with a soapy cotton ball, rinsed y@H CH
and blown dry. EBSD measurements were completed using a JEOI69@M FESEM with
the following SEM and scan parameters: 15 kV accelerating voltage, 12 nA probe current, 18

mm working distance and a 30 nm step size. Data cleanup involved a grain caniiubec
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standardization and data points with a confidence index lower than 0.1 were omitted from all

figures.

3.8.2 Transmission Electron Microscopy and Energy Dispersive Spectroscopy

This work usedright-field transmission electron microscopy (BEM), conwergent
beam electron diffraction (CBED) and scanning TEM enealigpersive Xray spectroscopy
(STEM-EDS) techniques to further characterize the UFG structure. -b&dé¢d experiments
were performed using an FEI Tecnai Osiris operated at 200 kV and equipbedguad Super
X detector. Sections of the intercritically anneategldiumMn steé were successively ground to
100 um using 400, 600, 8QaL000 and 1200 grit SiC papétunched 3nm discs viewed in the
normal direction were electropolished to electrrangparency with a Struers twjgt system
(5% HCIQy, 35% [CH(CH,)3]-O-C2H40OH, 60% CHOH by volume,-30°C, 15 V). Multiple
methanol and ethanol cleaning baths were used during final dipping/cleaning. Other sections of
the intercritically annealed materitlat were prepared for EBSD were used to extract focused
ion beam (FIB) liftouts for TEM analysis [viewed in the rolling direction] using an FEI Helios
NanoLab G3 CX FIBSEM. Using Ga ions, a protective Pt layer was deposited, a trench was
bulk milled at21 nA/30 kV, intermediately milled at 2.5 nA/30kV, lifted out, attached to a grid,
thinned at 0.79 nA/30 kV and cleaned at 0.07 nA/5kV. Bruker Esprit software was used to record
200 kV STEMEDS hypermaps on electropolished samples and FIB liftouts wiitetiyp40 ps
dwell time per pixel, 1 nm pixels, 2 2 um scanned area and 20 frames for approximately 600 s
acquisition. Data processing included background subtraction, peak deconvolution and

normalized wt% mapping for each hypermap.
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3.8.3 AtomProbe Tomograph

Atom probe tomography (APT) needles were created by first creating a FIB lift out
sample (5um x 20 um x 5 pm¥rom the intercritically annealed material. In the case of samples
annealed for 0.5 h, when a low fraction of austenite was presergpsitdic FIB lift outs were
extracted using information from prior EBSD scans to capture all phases present.dei8 lift
were sectioned onto posts and concentrically milled at 2.5 nA/30 kV and then 0.79 nA/30kV to
create a needle geometry. Final cleaning with the FIB at 5 kV and 0.07 nA was psedue
tips of approximately 25 nm radii and & 4hankhalf angle. Suh needles were subsequently
loaded into &£AMECA LEAP 5000 XS APT system and ran uritdcture, (Lasepulse mode,

15 % field evaporation, 70 K environment temperature).

3.9 X-Ray Diffraction

3.9.1 High-Mn Steel

Sample preparation for XRD experimenfsthe hgh-Mn steelinvolved mechanical
polishing through 1200 grit SiC paper and a final chemical polishing to remove the damaged
surface layer (samples were dipped into baths of HF for ~ 300 s). The tempdegtenelent
XRD patterns were collectedusingarray di f f ract ometer (PANAIlytica
Cu KU r axdhF 854060 anex (= 1.54443 A), equipped with an Anton Paar XR80
heating stage. Prior to each XRD measurement at each temperature, 3 minutes of waiting time
was allowed for tempeature equilibration. The@scanning range, step size and scan rate for
each measurement was-BP0°, 0.0167113° and 0.107815 deg/s, respectively. The XRD

measurements which used the heating stage were performed in an Ar environment from 298 to
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973 Kelvin and the first five allowable austenite peaks were identified for each XRD scan.
Austenite | attice parameters wer-Rilecfanttionud at ed
account for larger sensitivities of the lattice constant at higher diffractigtes[178].
Specifically, the angle of everydpha 1 diffraction peak was fit at full width half max using
PANAlytical Data Viewer software and a linear regression of calculated lattice constants was

used to find the intercept of all diffraction angles for a given alloy and temperature.

3.9.2 Medium-Mn Steel

Sections of thentercritically annealed mediwMn steelused for Xray diffraction
(XRD) measurements were not mounted to minimize background noise. The sample surfaces
[viewed in the normal direction] were groumdgth SiC papeirfrom 400 through 1200 gritute
polished with 3um diamondsdution, handpolishel with a 56nm OPS suspension, electro
polished at 15 V for 45 s to chemically remove mechanical deformation, (10% HEG19D%
CH3COOH by volume), rinsed with G@H and blown dry. XRD patterns were collected using
an X-ray diffractometer (MeteorOD) with@KUradiation 6KU= 1.78897A, 40 kV and 30 mA)
in point focus mode and equipped with a Hubegirdle + xyz goniometer. Theg2scanning
range, g step size, count time and rate of samplation for each measurement wa@130C,
0.03°, 20 sstep, andL turn/s, respectively. Bruker TOPAS v5.0 was used for Rietveld analysis
and included calibration of instrumental broadening with a Si sample, a 4th order polynomial

background subtraction and a preferred orientation (6th order).
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CHAPTER 4

4. RESULTS ANDDISCUSSION

4.1 Characterization of Planar Defeatsa High-Mn TWIP-TRIP SteeDeformed by
Uniaxial Ring Expansion

This work involvesthe investigation of deformed microstructures that exitgr af
interruption of high straimate tests using F2&5Mn-3AI-3Si wt% steel. The work by Grassel
al. [30] is of particular interesas the high straimate mechanical properties were previously
measuredwith subsized tensile samples, buib high-strain rate tests were interrupted to
investigate the evolution of the microstructuviechanical twinning was the ontype of planar
defect identified with TEM by Gréasset al. [30] in specimens from interrupted quasatic
tensile tests, buRierce[31] identified both mechanicaiwins and hexagonalmartensiteusing
TEM in specimens from interrupted quasatic tensile testsTherefore section4.1will present
and discusscharacterization results from tests of the-Z68n-3Al-3Si wt% steel when

interrupted at strain rates ef 1x1G /s or greater.

4.1.1 Measurementef Strain Rate During Uniaxial Ring Expansion

The method of mdmnical testingpresentedn this section, uniaxial ring expansion,
uses a shock wave from a vaporized wir@rovide strain ratefsom e = 1x1G /s toe = 1x1¢ /s.
This expansion method uses a large bank capacitor to deliver kJ worth of energy in a few ps to
vaporize an Al wirewhich expands an elastomer cylinder andng of highMn steel that is
positioned near the midpoint in height of the elastomer cylinder,Higeee 32 for a detailed

view of the experimental setup) high frequency laser ismounted away from theoint of
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vaporizationand paitionedorthogonally to the outer wall of the expanding ring. The change in
frequency is used to calculate velocity and aceélen of the expanded ring via photonic
Doppler velocimetry (pDv)167]. The strain rate of the expand ring is controlled by the ring
diameter and the total strain by input energygure 41 provides results of strain rate
measurements with the high frequency laser during the expansion of a 25.4 mm diameter ring.
Seen inFigure 41la is the frequency trace of the laser measured thoagie entire interrupted

test (expansion did not result in failure of théng specimen). Using photonic Doppler
velocimetry (pDy [167], the Doppler effect is used to convert the change in frequency of the
laser as a function of time to a change in velocity as a function of kigaré 41b) and the
diameter of the rings usedto calculate the strain rate as a function of true s{i@igure 41c)

using the methods developed by Johndd@Y], sincethe quotient of expansion rate and original
diameteris proportionalto strain rate.The ring is fir$ expaneéd by the elastomethen the
elastomer contracend the ring expands by its own inertiermed a freely expanding ring)s

the expansion in this case is an interruption (the was not pushed to failuré)e strain rate is

not constant throughout tkemtire test, as shown by the parabolic nature of velasiyfunction

of time. For simplicity, when describing interrupted uniaxial ring expansion tests, the highest
strain rate measured by the laser during the free expansion of the ring silebiged in
subsequent discussiofie = 3.5x1¢ /s in the case ofFigure 41c). Figure 41d provides a
gualitative view of the interrupted test involving the expansion @& mm diameter ring

(before deformationfo 0.14 true straifafter expansion)
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Figure 41: a) The trace of a higfrequency laser measured with photonic Doppler velocimetry
[167], b) resulting velocity as a function of tiraed c) strain rate as a function of true strain. The
results presented in partscpare from the expansion of a 25.4 mm (1 in) ring that was
interrupted at 0.14 true strain and the d) optical view of an undeformed and expanded ring (ruler

in inches).
4.1.2 Optical Microscopy of Deformed Microstructures

Multiple sets ofconcentric rings were machined frombanm thick plate of Fe
25Mn-3Al-3Si, (drawing of the concentric rings shown kigure 31a). With radiusto-wall-
thickness ratios held constant, inner ring diametefdtpP5 &51 mm resulted in strain rates of

e=9.1x16 /s, e= 3.5x16 /s & e= 1.1x16 /s and input energies &, 4 & 8kJ poduced total
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true strains of 0.12, 0.14 & 0.l18spectivelyfor all inner ring size. Figure 42a provides an
optical view of the undeformed microstture, which consists oftquiaxed grains of
approximately 20 um in size and annealing twins within some of the undeformed grains
annealing twins which are produced during the homogenization skegure 42b-d shows
optical micrographs ofresulting microstructuresfrom the interrupted ring expansion tests
mentioned.Even though TEM is required to differentiate between mechanical twins and/or
martensi¢ plates,Figure 42b-d providesdiscernibleexample of thin straininduced planar
defectswithin grainsand in some cases, multiple variafitsdicated by white arrows)fter
interruption atare = 0.12 Figure 42b), planar defects are apparent in a minorityhef grains
whereasinterrugtion at erye = 0.18 fFigure 42d) at a strain rateapproximatelyan order of
magnitudesmaller than thaturing the interruption aére = 0.12 planar defects are clearly
visible in the majority of grainsThe micrographs irFigure 42 originate from areas within
deformed rings that are viewadthe same direction the laser measures strain rate (orthogonal to

the outer wall of the expanding ring).
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Figure 42: Optical micrographs of the F&Mn-3Al-3Si alloy deformed using uniaxial ring
expansion a) undeformednaterial, b small ring tested a= 9x1C /s and expanded t@r.e =

0.12, 9 medium ring tested @t= 3.5x10° /s and expanded ®@e = 0.14 and d large ringtested
ate= 1x1C /s and expanded tewe = 0.18. Multiple variants of mechanical twinsnd/or
hexagonal epsilon martensite laths are indicated by arrows. All samples etched for 20 $awith 10
nital and the current view @thogonal tahe expanding direction

4.1.3 BF-TEM Surveying Prior to HRSTEM

Bright-field TEM (BFTEM) micrographsshown in Figure 43 provide higher
resolution images (as comparedojatical microscopypf the deformed microstructureseated
duringhigh strainratering expansion of F&5Mn-3Al-3Si steel.The planafeatures irFigure 4
3a are planar defectsvhich are mixed in between widely separated padislocations and

extended stacking faultéimage recordedithin a single grain of a small ring sample deformed
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atate= 9x1C /s and expanded tawe = 0.12. Figure 43b showsan image from a ring sample
deformed toere = 0.18ate= 1x1C /s, where there arelanar defects and a high density of
stacking faults andangledpartial dislocations.Other BFTEM observations in a medium ring
sample deformed at at= 3.5x16 /s and expanded tawe = 0.14include multiple variants of
stacking faultgseeFigure 43c) and planar defects that appear to both impede (black arrows in
Figure 43d) and allow transmission of (white arrows kigure 43d) subsequent partial
dislocaton motion on nofrcoplanar slip system3.his behavior is quite interestiras the high
magnification BFTEM image inFigure 43d shows no obvious ifchtions as to why a relatively
thick planar defect can both impede and transmit partial dislocation matiamorrcoplanar
glide planes Higherresolution techniquessuch as probeorrectedhigh-angleannulardark
field (HAADF) STEM imaging, are neededto characterizeand understand planar defects in
deformed highMin steel

A crucial aspect of acquiring atomiesolution images of defects in metals with
advanced electron microscopiesolves surveying grains in BHEM prior to highresolution
scanningNot only is meticulous planning required to find a previously identified area of interest
that is a few microns widébut there are specific experimental challenges involved with high
resolution imaging of planar defects in electropolished samples ofMmigsteel. One challenge
is that electropolished samples are thick (> 25 nm) and often have poor edge retention (curling
and cracking). In the case of BEEM images inFigure 44a andFigure 44b, the edges of the
grains are thin (noted by the gradual increase in electron transpaegmt@re not curled or
cracked.Also, electropolished samples have local bending and the deformiediaisahave
subtle changes in local crystallographic orientation across the area of interest. The grains

observed inFigure 44a and Figure 44b are flat, which is confirmed by the absence of
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significant bend contours (most of the grain is dark because it is flat andaileezbne axis).
Finally, the correct <110> zone axis with the twin/martensite {111} habit plane muynstrakel

to the beam direction must be cho¢eate the extra reflections in the inset diffraction patterns of
Figure 44a andFigure 44b), with minimum sample tilso ago minimizethe effective thickness

and beam scattering within the tilted thin foil.
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Figure 43: BF-TEM micrographs of the FB5Mn-3Al-3Si alloy deformed using uniaxial ring
expansion: a) small ring testedeat 9x1F /s and expanded & = 0.12, b) large ringested at

e= 1x1C /s and expanded tene = 0.18 and c)medium ring tested a = 35x10° /s and
expanded t@&we = 0.14. d) Planar defects found in specimens from the medium ring expanded to
are = 0.14 can in some cases impdtde motion of subsequent partial dislocatiars nor
coplanar slip systemblack arrows) and in other cases allow transmission of partial dislocations

(white arrows).
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Figure 44: BF TEM images ofeparate grains inreng sample deformed t@re = 0.18strain at
e= 1x1C /s. The inset SAED patterns, recordad<110>zones, indicatéwo types of planar
defects a) hexagonat -martensiteand b)mechanical twinningHigh-resolution HAADFSTEM
images recorded using 300 kV probecorrected FEI TitaB G2 at the Center for Electron
Microscopy and Analysi®rom the respective grains aboygart ¢ corresponds to the grain in
part aandpart d corresponds to the grain in gatwhere regions dFCC matrix (M), hexagonal

- -martensite(white bracket), twinning with respect to matrix )(&nd twin boundarieswhite
arrow) are marked

Figure 44a shows a BHEM image ofa deformed grain with numerous planar

defects and ipart of asampleextracted and electropolish&@m a ring specimen deformed to
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