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ABSTRACT

The ability to simulate shear bandsvolution in thick-walledcylinder (TWC)
experiments igequired to understantther spontaneougormation and propagation
Recently we presentedexperimentson electremagnetically collapsing metallic
cylinders[1]. Here we presenhumerical simulationghatreproducehe experimental
results formultiple shear bands N t h o s. &/e gras&hbasdetad study ofthe
initiation and propagationof the shear bandsind thé& mutual interactionswhich
replicatesmany of theexperimentalobservationsWe investigate He infuence of
initial perturbationsand pressure history on the initiation and final stageshe
procesausing anenergybasedfailure model which incorporates a positive feedback
mechanism The numerical model is calibrated fdour different materials to
reconstruct the number of shedands and theirexperimentally determined
distribution. The results indicatethat the number of shear bands is related to
deformation micromechanisms operating time material, such as twinning and
martensitc transformations, whicmayhold back ane@ventally stall the shear basd
evolution.The numerical simulations provide a reliafjleantitativedescription of the
shear bands distributicemd spacing thus paving the way fofuture predictive work

of this failure mode
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1.INTRODUCTION

Modeling adiabatic sheabanding(ASB) has been a standing issue foe past few
decades. Ashear localization is an important and oftéominantfailure mode at

high strain ratesas well asa precursor to catastrophic failure reliablepredictive
capabilityis highly desirable Sucha modeing capability should faithfully represent

the mechanics and the physicgtud dynamicmaterial behavior ASB formationin a
dynamically loadedmetal is traditionally viewed as a structural and/or material
instability. The strength of a materialdensidered to beontrolled bytwo competing
mechanismshardening, such astrain and straimate hardening and softening such
asthermal[2] and microstricture-relatedsoftening[3-5]. The classical approach of
Zener and Hollomon?2], which wasrecently reported6] to have beerpresented
earlier by KravzTarnavskii [/] and Davidenkov and Mirolubov §], relates the
initiation of adiabatic shear localization to the dominance of the thermal softening
over the hardening mechanisms. Namely, under high rate deformation, the thermal
softening results in a loss of strendgladingto a feedback mechanism betwethe
plastic work and the consequent decrease in flow stress. In the last decade, an
alternative process was proposed for ASB format8s8]] identifying microstructural
evolution €.g. dynamic recrystallization) as the dominaafteningmechanism. In
these works, the dynamic stored energy of cold weak identified as the driving
force for shear localization, which is, in fagrecededand triggered by dynamic
recrystallization §].

For each approach, eonstitutive model that could capture the forimatand
evolution of adiabatic shear bandih@s to includea localization criterion and a
positive feedbacknechanism, due tthe mutual relation between plastic work and

materialsoftening (either thermal or microstucturaf).addition, such a model should



express the dependence on matetimrmoemechanical and/or microstructural
propertiesin order to accourfor the susceptibility of materials to shear bandaryd
the different ASB characteristics in various materialskzserved experimesity.

We recently presented an experimental study ahe spontaneous evolution of
adiabatic shear bands in collapsifigck Walled G/linders(TWC) [1, 9]. As detailed
andexplained in 9], the examination afpontaneouadiabatic shear bandigghlights
the inherent susceptibilitpf a material to adiabatic shear bargl without any
geometrical constraint related to stress concentratiéoléowing our experimental
work, & well as other workon explosively driven TWC410-14], we aim at
modding the formation and evolution of multiple adiabatic shear bands in TWCs
with the inherent complexity related to tineutual interactions between the shear
bands during thegrowth Thenumber of shear bandsdther spatialdistribution, as
well as the conditions prevailing at their onset of formatiorghesacterized in9],
provide a large database selecta proper constitutive modebgether with dailure
criterion, for different materias.

Numerical nodelingof spontaneoushear band evolutiom TWC testsis pursuedn
the literaturethrough eithed D or 2D/3D modeling of shear bands. The 1D mivggl
follows different strength and failure modgis order to predicthe spacing between
shear bandge.g.[15]-[18]). 2D/3D numericalsimulatiors are aimed at reproducing
the formation and evolution of ASB and their interactionsas observedin
experiments(seee.g.[19-20]).

Examining 1D modeling of shear bandaady [15], Wright & Ockendon [8] and
Molinari [17] performed a perturbation analysis for the shear instabiliging
constitutive equations which incorporate strain and/or strain rate hardening and

thermal softening This approach ties the mathematics of perturbations with the



physical material insthility phenomena, suggesting that shear bands evolve at a
spacing which is determined by minimum energy considerations, matching a
dominant wave numberissued from the perturbation calculation. Grady 5|1
accounted for a viscous constitutive equation anear thermal softeninglLater
works by Wright and OckendongLand by Molinari [I7] addressed this issue with a
similar appra c h , by ext en dicongfitutite hlaav tomiactueéer rata | 6 s
dependency [@], and strain hardening T1 The outcome of the® worksconsists of
analytical expressianfor the spacing between shear bands. The ability of these
models to predict shear band spacing was exangrpdrimentallyin several works

with dynamically collapsed thick walled cylinderXue et al [10] found a good
agreementfor 304L stainless steelOn the other handsignificant discrepancies
bet ween the experimental r wee ddurid®r CB-nd t he
Titanium and Ti6AI-4V [12]. Recently, Lovinger et al.1] found significant
discrepan@s between predictions from these models and their resultsefewito
magnetically(EM) driven TWC tests fosevendifferent materialslt was suggested

that the limited ability of thesanalyticalLD modelsto predictthe measuredpacing
seems tocoincide with earlier work in the literature (e.@8JF[5]), indicating that
thermal softening isot the dominant factor responsible for the onset of localization.
Daridon et al. 18] examined shear band spacing foore complexconstitutive
models.Using a 1D perturbation model with periodlmoundary conditionsthey
studedthe spacing between shear bands in Titanium and H¥tH) Threematerial
models were examined: the Johngoook (JC) modeldl], a power law model and

the MTS (Mechanical Threshgldnodel R2]. The results were compared withe
experimental TWC spacing resultsr Titanium [12], showing thatwhile the JC

model predictednuchlarger spacinggby an order of magnitugiethe MTS model



predicedthe experimental resultmite well. The work of Daridon et al18] follows

an approach which addresses the initiation of shear bands throudflowhstress
("strength™) model, unlike other works, as shown in what follows, which search to
define afailure or damagamodel.

Medyanik ¢ al. [23] defined a new criterion for shear band formation, based on
experimental observationsf dynamic recrystallization (DRXjn the shear bands.
The onset of localization is associated with a critical temperature for recrystallization
which isof the order 0f0.4-0.5 T (meltingtemperatureof the material. The authors
presengd simulations using two constitutive models: one for the bulk material and
one to describe the material inside the shear band. The shear band iggradsine

shift from one model to the othemnd it isbased ora critical DRX temperature with
strain rate dependencyhe JC constitutive modelas used in the simulatiofsr the

bulk material and a viscous fluid modébr the materiainside the shear band. The
simulatiors agree well withthe band width, their velocity and the measured
temperature risen the band$23]. Though good agreement svachieved, the model

is restricted to a predefinecegpurbation as determined byratch and the forced
localization.Additional questions arise regarding the physical meaning of two distinct
criteria, before and after ASB formation, and the fact that it was shown that DRX is
not linked to a specific temperature risg [

Consideing now 2D and 3Dnumericalsimulations which take into account also the
spatial behavior of the multiple shear bands during their evolu#ieias and
Belytschko 9] suggestd a two-scale model to simulate ASB using the extended
Finite Element (FE) method (XFEMT.he shear bandsre accounted for by using a
local partition of unity When material instability is detected, the FE temperature and

displacement fields are enriched with a fine scale function which is able to model the



high gradients within the shear band. yheplemened ths model to reproduce a
large variety of shear band experiments saisfactoryagreements/ereachieved for
many of them. For the TWC experiment, the model demonstilageformation of
multiple ASBGs, yetit only showsqualitativeresemblancéo experimental results.
Rabczuk and Samaneig?0] modeled3D shear band evolution in TWC experiments.
Theytreat the shear bands as discontinuities, neglectimgwigth. The localization
criterion is defined by the material instability, shifting at this point to a- non
continuous spagewhile the discontinuity is modeled and controlled by a cohesive
law. The 3D TWC simulatiashowthe formation of multiple adiabatishear bands
only in a qualitative mannefThese2D and 3D numericalorks [24-25] account for

t he disconti nui tspacebuttheyldtlea physiealanmodelbfa shdas 6
band evolutionand do not describe well the physics of the multiple shearn d s 0
formation

Firstenberg et al[24] used a differentailure approacho account for shear band
formaion. The model defines atrainbaseddamage parametei0¢ D ¢1, which

evolves through the following relations

e - e

D="L—— g<é&<g @
€ - €&

where €' is the effective plastic straing is the initial plastic strainat which

localization beginsg; is the final plastic strairat whichthe stress decreases to zero

The damage paramet@D) is used toaccount for thedecreasen the flow stresgY)

through:

iy e - e
Y=Y, @- D)=Y,——" (2)
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The flow stress decrease provides the positive feedback needed to cause shear
localization.In [24], the model was used to simulate perforation tests, showing good
agreement with the experimental results and reproducing failure characteristics. The
damagemechanismeffectively corresponds to the therrmaicrostructuresoftening
Lovinger and Partom B} used thismodelin 2D numerical simulation® simulate
multiple adiabatic shear bands and ol#dia fair comparison withexplosively driven

TWC test results. This model was further examined by Lovinger et &] {o
reproduceexperimental results dEM driven (electromagnetically collapsed) TWC
made of304L stainless steelAn empirical cumulative distribution functiqieCDF)

was usedas a quantitativemeasure to compare the shear band distribuhothe
simulations with theexperimens. The simulations of the collapsing cylinder showed
good agreement with the experimental results for both global behaviour and shear
band distribution. However, the failre criterion used in these worksis
phenomenological and not physically based, thus no extrapolation from one material
to the othercould be done.

Numerical simulations of multiple shear bands in TWCs ve¢sereportedby Yang

et al [L3-14], using a mechanicahermal coupling modulavailableon ANSYS/LS

DYNA software. The numerical simulations demonstssttsfactoryresults as far as

the global behavior ofhear band evolution andutual interactions between shear
bandsare concerned. &, no quantitative comparisamith the experimental results

was presented for spacing or shear band distribution. Yang Et3plused the G
constitutive equadn that incorporates strairstrain rate hardening and thermal
softening. Itis not clear howocalization wa obtainedbecause materialoftening at

the initial stage wasot intense enough using the bulk softening properties. This issue

was examined ithe past irour numerical simulationsshowing that the bulk thermal



softening decreases the strengthly very slightly, while significant softening is
needed to reach localization. Yang et HI4] also examined the influence of
precipitated particles or inclusions on the shear band distribution. They dhioate
adding leterogeneitieso the model can change the directionality of the shear bands,
e.g. causing all shear bands to evolve mainly in one direction (clockwise of eounter
clockwise) rather thaavolvingequally in both directions.

Following the work of Rittel etla[3], who proposed aewcriterion based on part of

the total strain energy density, numerical implementation of the strain energy
density as a failure criterion was carried out by Dolinski e&|.4and by Noam et al.
[27]. With this model, the twavorks resulted ivery good agreement between the 2D
simulations andest results of impactethboratory specimensexplosively loaded
platesand ballistic perforation, alhvolving ASB-related failureThe failure criterion
which wasbased on experimental observations was justified analytically iretest
work of Dolinski et al. 2§].

Following the succesful ability of this physicallybased criterion to reproduce ASBs

in forced shear scenarios2€]-[28]), we pursued its applicain to model the
formation and evolution of spontaneomsiltiple ASBs in collapsing thickvalled
cylinders. This benchmark problensan be considered as highly challenging and
discriminating, when compared to the analysis of a single shear band evolving in a
solid. The experimental results reported by Lovinger et &].fpr several materials
wereavailable to test the performance of the numerical simulations.

The experimental work inl] involved the collapse of thick walled cylinders using a
pulsed currengenerator (PCG) to create the elestragnetic driving forces. The
TWC in these tests come to a stop at the end of the test and the shear band distribution

is extracted by post mortem analysis of the sectioned specithespecimerdesign



enablsto stop the TWC at different stages of collajgteas allowing forexamiration

of the shear band distribution, at different stagassavolution.

In this work, we present 2D numerical simulatiook collapsing thick walled
cylinders,using the strainreergy density criterionWe first present a detailed study of
a typical collapsing cylindein the case studwe follow the evolution of shear bands
by examining the evolution in time dfie different thermodynamic variableBhis
enablesextended comphension of the complex phenomena, matching much of the
physics observed in testd8Ve further stug different numerical and material
sensitivites of the model tassesshereliability of the results. Finallywith the model
calibrated for four different mnaterials we presenta satisfactory quantitative
comparison fothe number of shear banakawing conclusions on what presumably
controls the number of shear banaisd th& spacing in collapsing thickwalled

cylinders.

2. NUMERICAL MODELLING

2.1The numerical model

For the simulations carriedut in this work we used éhomemade2D Lagrangian
hydrocode which follows a finite difference explicit schemk-plasticity is
implemented in Wilkins' radiadleturn methogdassumingsotropic materialhardening

[29). Large strain formulation is adopted throughout this w@&iknulation results
using this code were presented in previousk&f?4, 25], and P].

The model uses slab symmetry (with plain strain conditions) and consists of three
sandwiched dynders copperspecimencopper A boundary pressure, exerted on the
external copper cylinder represents th&ving force. A typical measurecturrent

signal and the calculated press(?¢ from the current density in Fig. 1b)are shown



in Figurel. Forsensitivity checks of the modeletailed further in this workye used

a simplified boundary condition of a half simvave(in time), with a peak pressure of

25 Kbar and durationof2e s. The mo d edndboundafy cogditiona &re o n
shown in Fig1.

For all the simulatedmaterials we usel a Mie-Gruneisen Equatieof-state (EOS)

with the linear Hugoniot relatiomhe strength of the intact material was represented
eitherby a JohnsofCook (JC) model4]] or by a SteinbergCochranGuinan (SCG)
model[30]. The material parameters drgtedin Table 1 and they refer to the actual

material properties used in our testk [
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Figure 17 The numerical model: (a) model configuration, (b) generic loadistory, (c)
measured currentflow in one of the EMTWC tests, (d) the calculated magnetic
pressure from the currentflow history.

The JohnsoiCook (JC) model whiclincorporates terms of strain hardening, strain

rate hardening and thermal softening is defined as:

Y = (A+Be)CQ1+CIn—'°)CQ1 ( 0)) (3)



where A, B, n, m and C are the material parame##iis,a reference strairate, taken
to be ¢ =1sec?, To is the initial temperature (room temperature in this case) and T

the melting temperature. The shear modulus, G, used with this model is constant (see
Tablel).
The SteinbergCochranGuinan(SCG) model incorporates terms of strain hardening,

pressure hardening and thermal softening and is defined by:

Y =Y, (1+ b(e+ &))" 1+ Asc P/ 1" - Bse(T - 300) 4)

whereAscg Bscg n, andb are the material parametess,s the prest r ai n, d i s |
compressibility defined as {{l/r o), P in the pressure [GPa] and T is the temperature

[K°]. For this model, The elastic shear modulus is a function G(P,T):

G =Gy (L+ Asc P/ 1" - ByceofT - 300) (5)

whereAscg Bscg are the same as Eq. (2) and G is the shear modulus at room

temperature and atmospheric pressure



Tableli Material properties and model parameters.

Jo Co G A B Tm
JC model S a C N m
[gr/cc] [Km/sec] [G Pa] [G Pa] [G Pa] [K 0]

Ss304L 7.90 | 4.57 148 | 1.75 | 715 0.1 1.072 | 0.05 | 0.34| 1.0 | 1356

Cu* 892 | 393 | 1.51| 1.98| 44.0 0.09 | 0.292 | 0.025| 0.31| 1.09

* Cu refers both to the copper specimens and to the inneswied copper cylinders used in all tests
** Co, S andGare theMie-Gruneisen EOS parameters.

SCG ‘o Co Go Asce Bsce Yo | Yma)

model | fgrcq | [kmisec) [GPa] | [1/GPa] | [1/K7] [GPa] | [GPa]

CP-Ti 452 | 459 | 1.26| 1.52 | 43.4 1.15 6.22e2 210 0.1 0.85 1.45

Ti6A4V | 442 | 513 | 1.26| 1.52 | 41.9 1.15 6.44e2 12 0.1 1.33 2.12

MgAMS50 | 1.78 | 450 | 1.26 | 1.52 | 16.5 10.3 5.09e2 | 1100 | 0.12 | 0.19 0.48

Al-A356 | 1.66 | 514 | 1.69| 2.38| 70.0 EPP model: Y= 0.3 GPa

(*) Y maxis an upper limit of the stain hardening contribution of the modg€L-M(e+e))"<Y max

2.2 The failure damage model to describe shear band evolution

We usea shear failure damage model based on a strain energy density crifé&eon.
model, incorporating @ositive feedbacknechanismeffectively corresponds to the
thermal/microstructure softeninghich is essential to model the formation of shear

localization We refer to Wthe specifiglasticstrain energy densityas

1.
W = ~ fs;de’ (6)

Wheresjj are the stress tensor componeéigare theplasticstrain components and
is the material density.
We then define two parameterd/i and Ws, which are graphically described in

Figure 2. W is the specificplastic strain energy density until the onset of shear



initiation and W is theplasticstrain energy density at full localization when the flow
stress in the band decreases to zero.
We define a damage parame@arD ¢ 1 evolving by:

D:vV\\//-Vv\\/i/ W <W <W, (7
-

D is used talecrease the flow stress (¥yough:

W, - W

Y =Y, - D) =Y,
(- D)=V

(8)

Eq. @) provides the positive feedback needed to cause shear localizatow
increases (with the growth plasticstrains), the flow stress decreas&sftening the
material and promoting additional plastic strains, and sdla material behavior is
described schematically in terms of a str&fsain curve in Figre 2. Note that he
energy criterion incorporates tiphysics of gorocesdeading to shear band initiation

and evolution rather thantlreshold criterionsuch asa critical straincriterion

Figure 21 Constitutive modelto describe shear localization: damage model based on
strain energy density criterion. The dotted linerepresentsthe strength model behavior
without the damage model.



3. RESULTS

3.1 Case studyi Modeling the evolution ofmultiple ASB in acollapsing TWC

We present here aasestudy in which we examine thdevelopmentof different
thermodynamic variablesuch as pressure, plastic strain, strain rate and velatcity
different stages of evolutioithis casedemonstrates th&trengthof the numerical tool

in understanding the complex phenomena involved in dyisamic localization
problem.

We consider 804L thick walledstainless steatylinder, with an outer diameter of
5.0mm and an inner diameter of 3.5mm. The cylinder is sandwibleéveen 2
copper cylinders (outer diameter 5.5mm and inner copper diameter is 3.25mm
respectively and the outer boundary of the external copper is subjected to a boundary
pressure of a half sineshown in Figurelb) with a peak pressure of 25Kbars and
duration of 2.2rsec.

The mesh is an unstructured mesh, introducing a spatial numerical perturbation to
break the symmetry of this otgmensional problem. The initial perturbation will be
discussed further in detaiand will be shown that it doesot influence the

characteristics of the shdasndsdistribution.

3.11 Effective plastic strais

Figure 3 shows maps of effective plastic stsaifhe time duration for the collapse of
the cylinder until it comes to a full stopakout6 microsecondsTheplastic strains at

the inner boundary are the highemtd att= 3.0 nse¢ when they reach the value of
~0.45 fluctuations in the plastic strain are evident (see zoomed frame in

Figure 3).



0.90
0.80
0.70
0.60
050
. 040
. 030
.0
. 010
~ 000

0.0.| .

0.0

[em]

Figure 31 Shear band evolution: maps of effective plastic strains

Figure 3 show at t=30 ns 2D fluctuationsin the plastic strain fieldvith a general

pattern of linesat +45 degrees with points on the boundary siiihtly higher plastic
strains,These points serve as Aembryoso from w
competitive evolution is captureds some of the shear bands propagate to longer
distancesand the neighboring shear bands come to earlier stop avnel shorter
distancesUpon propagation of the shear bands,dtresss released in their vicinity,

as strength is decreasing on the sheared surfaces, by release waves emanating from
them.Thi s A s hi eab elaredtpain [L@ wilf be futherdemonstratedn the

section 3.2.

3.1.2 Pressures

The boundary pressure is exerted on the external boundary of the outer copper and

propagates in the radial directioRadial everberations of the waves accelerate the



cylinders while the inner copper cylinder, due to themchanicalimpedance
mismatch is accelerated fastefhus, during the collaps¢éhe inner boundary of the
ss304L specimensinot in contact with the coppecreating afree surface.At
t=~4.4rsecthe nner copper collapses to the center, creatisggangoutgoingshock
wave. At t=4.6ms the shock wave which emanated from the center reaches the free
surface of the inner coppend a release wave returns to the center, creating tension
and its external surface starts moving outwatd$=4.81s the ss304L inner boundary

and the copper impaetch othercreating pressured the order of 5 GP&inally, &

t=6ns, pressures are already of the order of the material strength and noredditio

propagation occurs.

3.1.3 Velocities

The radial velocitiesof the specimerduring the collapse are ~200m/s. The radial
velocity matches that of the explosively driven TWC experimghi yet in those
experiments the time of collapse is ab®bts as compared t6 nsin ourtests This
differencematcheghe geometrscale of~4, between the two setd tests The inner
copper is moving witta higher velocity (400/00m/s), detaching from the specimen
boundary, creating a gap between the specimehthe inner copper (with free
surfaces) This gaps maintained fothe mostpartof the collapse.

The inward elocity is decreasinggradually due to dissipation of energy Ipjastic
work of the specimen itselBeforecoming to a stopn the inner copper cylinder,

thesevelocitiesslow down to~50m/s.
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Figure 41 Velocity maps:(a) at t=3 ns, (b) at t=4rs (with zoomed area),
(c) experimental result for Ti6AI4V (from [1])
When shear barsdevolve,we notice higher velocities of the butkaterial which is
Atrappedd between shear bands. Thi s
displacements, noticeabln all of the experiments (foaehof the materiat), see the
zooned figureat time 40 ns. An example of this is shown in Figutedemonstrating
this phenomenon in a Ti6Al4%ollapsed specimen, as reported ih At later times
the velocity vector changes directioms the shock wavemanang from the center

propagates outwardsesulting inoutward radial velocities.

3.1.4Strainrates

Thestrain rate at the inner boundarf/the specimenupon initiation is 23-1% sec?,
while within the shear bandshe strain rateeactes values of 34-10° sec! during

band evolutionThe drain rate relaxes as the specimen cotoes stopat t~6s.

r el

ati



3.1.5 Flow stresqstrength maps

The mapsof the flow stress (strengtiprovide additionainsightinto the evolution of

shear bandss the stress decreases gradually in the evolving shear bands and reduces

to zero whema calculated celteaches full shegfwhen W reaches Ysee Eq. (9)

Figure5 shows the stages of initiation, growth and interaction between shear bands.

The fluctuationsn the flow strasfield observedat time 35nms develogfor someinto

actual initiations. The two earlier initiated shear bands seen on theatefside of

the zoomed figure cause a fishieldedo area,
between them. The competitive growth of the shear bands is demonstrased

comprehensive manndbllowing gradually the stages of propagation.
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Figure 517 Shear band evolution:Flow stressmaps
at different stagesof shear band evolution



When two developed shear bands meet, the malterial which istrapped between

them moves inwardéhaving a radial relative velocityas shown aboyecausing the
jigsaw structure at the inner boundait t=4.81vs the inner copper impacts the
specimenis moobbhtogthis disturbed bound,ary.
seen at later stageseens to be a result of weak radial tensile forces. The tensile
opening of shear bands is evident through pore growth and coalescence in post

mortem fractographgf the specimens, as shown[1].

3.2 Sensitivity checks

In order b establish the credibility of the numerical modeliagd its abilityto be
compared witlrexperimental resultsye conducted sensitivity chies for the load (the
boundary pressurexerted on the external coppand for the initialperturbationsn

the simulationsLater on we shalldiscuss the influence of the mesh size on our

results.

3.21 Boundary pressure sensitivitystudy

The main purposef this part of the studyas toexplorehow sensitive the spatial
distribution of shear bands is to the exact |aatdif we canpursuea quantitative
comparison to experimental resultgjven the accuracy of our currefibw
measurementdn [9], we examined the influence of thmeak pressure valueand
showed that a changd 20% in the presse for which we achievedapd agreement
with theexperimentatkpatial SB distribution, igery significantWe used in9] a half
sine load with durationof 2.2 ns (see Fig b) and varied the peakressure The
numerical simulatiom showedno evolution of shear bandgith the low boundary

pressurgand a full breakup of the specimefor the high boundarypressure We

Th e



concluded that we caaccuratelydetermine the peak pressure value by calibrating
such asto achieve the final geometry of the specimes,measured after it is
recovered. To further examine this conclusion, we conducted simulationgweith
loading cases, maintaining the same impulse: A peak pressure of 25 kbarséar 2
and a pela pressure of 50kbar for dsec. The shear band distributsprshown in
Figure 6, seemto be practicky identical for the two casesThis resultstrongly
suggest that the exact pressure historyhas a weaksignificance a the spatial
distribution of shear bandand thathetotal impulsedriving the specimers the main
factor dominating the shear band distributiofhis conclusion is very significant
since it relaxes the demands on accucateentmeasurements, whichreadifficult to
perform in high pulsed power machines. Thus,do not have to determine the exact
boundary pressure in each td3tactically we could use a single sine wave rather
than input the entire oscillating sigreadd calibrate it to achieve tfieal geometry of

the specimen
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Figure 61 Final stage of collapsdyield maps) with different boundary pressure
impulses (a) 25kbar per 2nsec, (b) 50kbar per Irsec

Moreover, we expect the simplified representation of the boundary pressure to differ
to some extentfrom the actual boundary conditions of the magnetic field, as we are

not using coupled magnetitydrodynamic (MHD) calculations. TriantafyllidiS]]



discusses the limitations of calculating eleatragnetic forming problems with a
magnetic boundary preg® in comparison tdull MHD calculations. A 10%15%
difference in results was reported BiL] between the two approachdheseresuls
point out that an equivalent boundary pressure could be a relatively gtimctes,
and it could be further modifieto compensa for some of the missing magneto

thermemechanical coupling at this stage.

3.2.2Initial perturbations

The planestrain geometry of a collapsing cylinder loaded by a spatiediform

boundary condition is in fact a 1D problem. To achiekear band initiation, some

perturbation is needed to break the 1D symmetry. The initiation of shear bands is
achieved in the simulations by numerical perturbations of the unstructured mesh we

are using. In order to confirm that the initial perturbatioasndt influence the shear

band distribution in any way, we examined systematically the influence of these

initial perturbations.

Figure 7 shows a comparison of two calculations which differ only inrthgesh

structure Figure7a showdhe resultusing st ructured pol ar mesh w
of cel | s &bshaws theEsulgusimg¢heinstructured mesh. THateris able

to adjustto the occurrence of large changes in the geometry (large deformations and

strains) which occurs at late stagesbéar band evolutiowith large plastic strains,

for which we use remeshing. The use of geometrical erosion (deleting cells which

reach a geometric#threshold is possible at this stage but we found it as a numerical

step which intervenes with the physicssf t he shear .Whannudisgb evol u
erosion, he numerically deleted cellsreate new free surfacgesesulting with

rarefaction waves emanating from theltncanbe seen that when we use a perfectly



polar structured mesh, no shear bands initiate va@ reach a perfect 1D behavior.
With the unstructured mesh, the symmetry breaks and with perturbed fields of strain,
velocity and pressure, initiation occurs at the inner boundary.
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Figure 71 The influence ofmesh structure: (a) no shear banding in a perfectly
structured mesh (b) shear band initiation withan unstructured-mesh

The main issue we wanted topdare was whether the shear band distribution and
spacing are influenced by the pattern of the unstructured mesh. To examine this point,
we used the model with thetructuredmesh andapplied perturbationsof different
amplitudes and walengths. The perturbafis consisted ofsmall geometrical

changs of the inner radius of the specimen, defined by:
R:R0+A)cos€®|®) 9)

where Ao is the amplitude of the perturbation,is the number of waves on the
perimeter and is an angle vector along the periere Figure8 shows three cases we
examined withdifferent number of waves: 10, 100 and 200. The amplituglevas
determinedat first to be of the order of the microstructure, settinglfm. Using

such amplitudecaused a shear band to initiate at the peak of each wave. As the
unstructured mesh perturbatia®m a numerical oneand is much smalletthan the
geometrical scaleye usedeventually avalue of 10* mm for perturbing the radius.

The perturbed radii in Fige 10 are exaggerated just for the purpose of presentation.

The shear band initiation and evolution is preseme#igure 10at two different



times: t=3.0ns and t=4.0rs. The shear band distributions seem very similar for all
cases yet, for quantitatie comparison we sketched out the sHmards in the
simulations and usedn empirical cumulative distribution functigqcCDF) [9] to
compare them.The ECDF does not follow a particular parametric form of a
probability function but produces a nparametricdensity estimate that adapts itself
to the data. The stastep function simply assigns a probabiliy of 1/n to each of the n
observations in a sample. We use Greenwood's forr@g8Jddr calculating lower and

upper confidence bounds for the calculatedEC
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Figure 81 The influence of initial perturbation on shear band distribution
examining different wave numbers

The results, shown in Figuge lie well within the upper and lowdimits of the ECDF
estimation. Taking into account the probabilistic character of the shear band
formation, the ECDF comparison shows that the three results arécaligt similar.

From these simulationg appears that as long as the perturbation amplitudeél



and of the order of a numerical perturbatiang(10° m), this pattern has no
observable influence on the shear band distribution itself. On the ludinel; for a

large enough perturbation, the case becomes similar to that of forced nucleation of
shear bands, and the latter are dominant in this specific region, as exemplified in
Figure 10.
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Figure 971 Influence of initial perturbation on shear band distribution examining
different wave numbers(10, 100, 200) comparison of the ECDF, with lower (LCB) and
upper (UCB) confidence boundaries.

An additional case was examinddr which we changed the properties of two single
cells, using the structured mesh, with astditionalperturbation. For these two cells,
the first parameter of the damage model, Was decreasedoy 33%. This can

simulate for example, a mechanical or a microstructural dasnageat At these two



points, shear bands evotvat an early stage, before otlsrear bands initiatkat the
inner boundary. The results, shown in Figudeléad to several conclusions:
(1) The two singlecell perturbation was enough to perturb shear bands on the
entire boundary of the specimen.
(2) The shear bandsn the zones far from thpoint perturbationsevolve in a
similar distribution as thether cass shown above The sameshear band
distribution is achieved with the sinusoidal perturbation, $iregle-cell
perturbation or the fulbpace unstructured mesh perturbatidhis further
establishes that trehear bandlistribution is a result of the physics and not a
result ofthe amplitude or character of the initial perturbation.
The much earlier propagating shear bands
e f f aMetao identifythreedifferent zones: the neighboring zones at the side of a
shear band, the zone between the two shear bands, which has enhanced shielding, and
the far zone which is not affectég them.
The results shown here, with single shear bands patipggmuch earlierand to
much longer distancethan the rest of the specimen, can explain the phenomenon
observedn some of the specimens. For example, inS8B04L#2 specimeilfFigure
10b), a single shear band evolved through the whole thickmédske the rest of the
bands evolved to much shorter lengths.discussed above, one can assume that this
is aresult of a "strong" perturbation forcing shear localization, such as a machining

flaw.
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3.2.3 Mesh sizanfluence
The influence of mesh size in numericabdeling using damage models always
animportant issue. As we useeshes with high resolutions, and a remeshmogle
one may expedhe influence of mesh size to bmall
In [9], using a comparable model the one we are using in this waxkda critical
strain criterion we presented aeshsensitivity study of the numericalmodel. We
found themeshsensitivity, usingthe current moddbased on atrainenergycriterion
to bethe sameas for the strain criteriorO]. Thus,we refer to the full coparison
conducted ing] and state herenly the main conclusions. The sensitivity check was
conductedi si ng t wo ca&nhd Hkahdeemined the irdluance of mesh
size on the number of shear bands and on the shear band distribution.
We foundthat the skar band distributionfr the two resolutiongre close anthat
the number of shear bands in the two cases was the Bamwever, when comparing
the maximum length of the shorter shear bands, namely those which come to a stop at
an earlier stage of evolution, the two distributions differ. In fact, the lower resolution
calculation resulted in longer short shear bands tharnigher resolution ones. This
result indicate that for the fine resolution, the shear band velocities remain quite the
same as for the coarser resolutiget the shielding effect is more enhanced, causing
the initiated shear bands to stop at shortegtlen
We concluded from this comparison that:
(1) The initiation stage is not influenced signifitigroy the mesh size, adsoshown

by the samenumber of shear Inas in the two cases
(2) The mutual interaction between shear bands is influenced by the mesh size,

causing a higher shielding effect for the higher resolution. We believinthésa

result of the differences in remeshing in the two cases: when remeshing occurs



with smaller cel, the remapping of variables at the deformed areas on the shear
bands maintain closer values to the maximum values obtained in the shear bands.
When the cells are coarse, the values are more aveoagethd the influence of

the extreme values within tlslear band travel out in a slower manner.

3.3Numerical versusexperimental results

After studying the ability of the numerical simulations to capture the evolution of
multiple adiabatic shear bands and their mutual interag;twea calibrated the energy
model to besfit the experimental resultsr four materials:SS304L, Pure Titanium,
Ti6Al4V and MgAMS50. For this purposewe examined how the model parameters
W; and W affect the shear band distributiam orderto reach the best fivith the

data

3.3.1 Calibration process

Using a boundary pressure history of a halésiuith a duration of 2.2 microseconds,
we calibrated the maximum pressurg,Ro reach the best fit fahe finalmeasured
geometry(cylinders radii) In order to &tract the shear bandesults namely the
number and lengths, we proceeded as followsFor the @perimental results we
sketched the specimen geometry and shear asdsetailed in]], [9]) as obtained
from the optical microscope pictuie For the isnulation resultswe had to define a
criterion for whicha shear bant identified. A s h-le @amn d isadefihedadter full
failure, when W=W; is reachedFrom numerical considerationgje chose for the
analysisa valueclose to full failure namely a shear band is fully formed and
identified wherB0% of the maxnum decrease from Wo W is reached

WsB (criterion in simulatiop = [Wi +0.90 (Ws-Wi)]. (20)



The simulationparametemwe usedto outlinethe shear bands was a mapstfin
energy densitywith the above criterion as a thresholdor shear band initiation

existence

3.3.2Parametric study of Wi and Ws

The parametric study examsihe influence of each of the parametéfsand W on

the shear band distribution. The shear band distributionS§3804L with different

values of Wand W are shown in Figur&l. The distributions are shown as strength

maps, tracking the paths of decreasing strermtld,not only the shear band cells

which reachthe abovehresholdcriterion (as we use later on in the final comparison)

We found this tobetter illustrate tb influence of the parameters. Inetleft hand

column in Figurell, W is keptconstant with different values of Y\andin the right

hand columnW; is keptconstanivhile Wr changes.

The followingimportantconclusions can be drawn from these results:

(1) Wi controkthe length of the short shear bands

(2) Wt controkthe length of the long shear bands

(3) The difference WW, controls the homogeneity of the distribution. When the
difference is small (as in Figlh when W=60 kJ/Kg, Wi=80kJKQ), less shear
bands evolve and they are well developed. When the difference is tlaege
distribution is more homogeneous and more sbaads are evident. This will

be further discussed section 4.
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Figure 111 Shear band distribution in SS304L for different values of W and Wi

It can alsabe seen that for some of the simulations, the shear bands ensiile in

one direction (e.gWi=50 kJ/Kg, Wf=105 kJ/Ky and in othersshear banslevolveat

both +4% directions.This seemgo bea statistical behavior, which we observaido

in different experiments, and not a featuréuidheraddressere

The shear band distribution for pure Titanium with different values ichtl W is
shown in Figurel2. Following similar values as f@S304L, the shear banslevolve

much too fast andhe left hand column shows two results where many shear bands are
evolving and breaking up the specimerhile still in the process of collapseyen

before the specimen stopped its inward motion. The two resalthe right hand



