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Abstract

Development of A Tabulated ThermeViscoplastic Material Model with Regularized
Failure for Dynamic Ductile Failure Prediction of Structures under Impact Loading

It is important to undestand the dynamic failureehaviorof structures subjected to
impact loadingn order to improve the survivabilityMaterials under impact angterly
affected by largedeformations high strairrates, temperature softening and varying
stressstates, whicHinally may lead to failure. It is shown thtite impact characteristics
are prone to change witkeveral independent factors such iagpact speedmaterial
thickness, and shapeand orientationof the impaadnhg object Validated numerical
simulations ofimpact tests reveal thatéhfailure on ductile metals occat certain
locations of the failure locu$at is constructed on a space as a function of all three stress
invariants which indicates that the failure depends profoundly on the-statgesslt is
shown that existing material models are not always successful enough to cover the whole
range ofthefailure locus ad predict the failureTherefore, it is a common practice to use
different sets of material model parameters tumedalibratedo cover a specific region
of the failure loci in an adoc mannerfor practical reasons to match particular test
results Even in that case, specially tuned material properties are not capable of predicting
these limited cases if differences in the mesh amepattern need to be considered.

In this dissertation a newgeneric, thermelastic/viscplastic material modelvith
regularized failure is introducedhe new material modes implemented into a nen
linear, explicit dynamics finite element codeS-DYNA. A von Mises type isotropic,
isochoric plasticity isutilized, where isotropic hardening, stra@mte hardening and

temperature softening is considered. The model takes adiabatic heating and softening into

vii



account due to the plastic wordhe constituve relation is coupled with a new
regularized accumulated failure ldtatis specifically developed to cover a large extent
of the failure locus as a function of statlestress, strahwmate and temperature.
Regularization treatment is implemented tou@s mesh size dependency especially for
the problems where softening and failure is involved for the failure prediction.

Ductile deformation andailure mechanism o2024T3/T351 aluminumalloy is
investigated experimentallgnd numericallyfor quasistaic and dynamic conditions at
various temperatures and strasates An intelligently contrived test matrix is developed
by designing specific test specimemish different geometriethat can construc failure
locus as a function of statef-stress,strain-rate and temperaturdn inverse material
characterizatin algorithm is then introduced to generate input data for the new material
model. Tabulated inputs of characterized material test results are directly used for both
the constitutive and failurerdatment of the new material mod€omponent based
specimen tests that are used to characterize the material input properties-aaaldull
impact tests that are performed at differemgetthicknessesnd impact speedse used
to validate and show ¢hrobustnessaccuracy and efficienayf thenewmaterial model.

It is shown that the new material model is capable of predidtaiigstic limit and
failure modesaccuratelyfor structures under impact even if the failure mode changes
drastically. It isalso shown that the new regularization model provides mestsize
dependency. These associated features of the model suggest that the new material model
can be used as a promising generic tool for diverse applications of dynamic ductile

deformation andailure phenomenon.
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CHAPTER 1- Introduction

1.1 Introduction

It is vital to understand theynamic deformationand failure characteriste of
structuresto design betteengineeed products. Designing lighter andcost effective
structures under impact loading without any compromise from structurf@rmpance,
safety and integrityhas been one of the most important areas of research iramexor
several decadd4].

Structures can deform and fail either by a brittle or ductile mechansna
combination of bothdepending on the type of material, geometrydiog conditions and
corstraints.This study is focused primarily ahe ductile deformation and failure under
impact loading that can be substantially distinguished from brittle failure by the type of
crack initiation, growth and propagation patterns both at the micro and-macttanical
levels[2] [3] [4] [5].

Rosakis andRavichandrar{6] infer that the use of dynamic failuenalysiswill be
applicable to anuch wider spectrum of very diverapplications They imply thatwith
the developmermf verifiablecomputational methodologieslynamic failureanalysiscan
be applied tcaccident prevention, manufacturing processesi reliability in designs
not limited tothe previously recognizeapplications ofupture and casdrophic failure of
pressure vessels arilitary ballistic applications. They suggest that the dynamic failure
applicati ons cienft hardenimyx pae@wdftésatellite shieldidg,highd
speed machiniriy a mntbr pénetration 6 Some of the potenti al a |
dynamic failure are illustrated in Figurellfor automotivecrashworthinessaerospace
uncontained engine debpsotection metal formingpressurized pipes amtkfensearmor
penetration. Theircumstanceshat are illustrated in Figure-1l provethe importace of
successfully predicting thedynamic failure for engineering practicewhere an
unsuccessful prediction may put the engineering structure in jeopardy.

Zukas suggest®ur approaches to the solution of nonlinear problems if fast, transient
loading is involved, which are experimentagemiempirical data fits, engineering

models and numerical mode[§]. Experimental approaches are limited to the number of



different scenarios that can be tested{rumentation, constraints on cost and time, and
repeatability. Semémpirical data fits areypically limited by the experimental data
distribution and variety. Engineering models are limimdnonlinearities. Therefore,
dependingon the application, @sof numericalmodels is found to be the most general
approach witithe fewestimitations on the geometry and scope of a problem,raost
promise for being able to include complex nonlinearitiEsr computational modeling of
impact loading on metallic matals subjected to ductile failure that occurs after a
significant amount of plastic deformation followed tmaterialinstability that leads to
necking or shear localization, adequate models and data exist to model large deformation
effects quite accurdie however, failure models range from inadequate to impractical
and the available data for existing models is very limig&d9] [10] [11] [12] [13].

(d)

Figure 1-1. Applications of dynamic failure for different structures; (a) offset frontal crash of a
passenger car fittp://www.iihs.org), (b) uncontained aircraft engine failure (ttp://www.ntsb.gov), (c)
rupture after hydroforming on pipes (http://www.uscar.org) and (d) different failure modes after
ballistic impact of projectiles with different nose shapes, adapted frorfil4].

Moreover numerical models require a complete description of the material behavior,
where all states of elastmlastic response, yielding, flow and failure are needed, and
histories of stress, stranate and tempmature effects should be accounted [f@ [10]


http://www.iihs.org/
http://www.uscar.org/

[11] [12] [13]. Considering the effects of softening and failure, having accurate plasticity
models des not always solve the problems in nlimear FE analyss without amesh
regularization algrithm. Unlike linear FE analysis, increasing the number of elements
does not guarantee a convergence with-limear problems. Besides, softening and
failure challenge uniqueness of the solution and mesh sensitivity of these problems rise as
the ellipticty is lost[15]. Therefore, regularization and ntocal methods are utilized to
overcome mesh sensitivity issues of the FE mod¥spite its fundamental importance

in engineering design practice, @dynic failure of ductile materials is a phenomenon that
remains practically unexplored and is not understood compldtegrefore developing
more accurate, efficient and robust numerical failure models for ductile materias is a
importantarea of resealcin nonlinear mechanics arsistill required[2] [6] [16].

To address this requirement, this dissertation, a newhermacelastic/viscplastic
material model is developed, coupled with a regularized failure model that incorporates
stateof-stress, temperature, and strain rate effects to predict ductile failure. The new
model is supported by axperimental program to characterize the materaperties for
the model input Ballistic impact experiments are performed within parallel

experimental program tealidate the accuragnd robustnessf the model

1.2 Background and Motivation

Uncontainedturbine engine debris presents risks to an aircraft where high energy
fragments impacting the aircraft need to be considered. Damage from an engine rotor
burst can be catastrophic because the events may compromise structural integrity, initiate
a fire, en@nger critical systems or put lives in dang&7] [18] [19]. The Federal
Aviation Airworthiness Regulations require aircraft be designed tamize and mitigate
these risksFAR 25.903(d)1) statesdesign precautions must be taken to minimize the
hazards to the airplane in the event of an engine rotor fdiliteerefore,there is
significant interest in methods that can be applied to better understand events and
improve aircraft designs. Following a catastrophic uncontained fan disk failure in
commercial passenger service in 1988, TheFederal Aviation Administration (FAA)
initiated a research program called Uncontained Engine Debris Mitigation Program, part
of the Aircraft Catastrophic Failure Prevention Program, to investigate methods for



analyzing and designing for uncontained engiebris mitigation. Different methods
were suggested to minimize the hazards, although it was understood that absolute
containment is unlikely and consequently, the minimization of fragment energies and
developing mitigation strategies in the aircraft wetee reasonable methods of
compliancg 20].

Civil aviation authorities also require that turbine engines in civil service be designed
to contain the release of any single compressor or turbine bladeleonstrate
compliance, FAR 33.94 requires every new civil engine design be tested to prove that the
highest energy blade will be containéd]. After successful demonstration of the highest
energy blde, the other stages in the engine are allowed to be shown to comply by
analysis. Considering the cost, difficulty and time demands of performing such tests, the
engine manufacturers want to be sure that their engine will pass the first time it is tested.
Therefore predictive numerical models and analysis of the containment structures is used
during the design process to reduce the risk of having to repeat the blade containment
test. Computational mechanics has evolved to a level that performance ofssrucider
impact loading can efficiently and effectively be predicted by employing numerical
techniques with high accuracy if accurate material models are [A2kd22] [23].
Therefore, there is a significant amount of literature about the assessment of dynamic
behavior and impact performance evaluation of major aerospace materials along with
their capability to mitigate hazards from uncontained engine débis[25 [26] [27]

[28] [29] [30] [31] [32] [33] [34] [35] [3€] [37] [38] [39] [40] [41] [42 [43] [44] [45]
[46] [47] [48] [49] [50] [51] [52] [53] [54] [59] [S56] [57] [58] [59 [60] [61] [62] [63]
[64] [65] [66] [67] [68] [69] [70] [71] [72].

Ballistic impact tests using similar projectiles for targets at different thicknesses or by
usingfragments of different shape and size for similar targets reveal that different modes
of failure exist depending on the target material characteristics and thickness, impact
velocity and orientation of the projectil&2) [20] [22] [23] [30] [32] [73] [74] [75] [14].
Common failure mechanisms under impact loading were summarized by Bafkéhan
and Backman and Goldsmitf23] and an illustration of these failure modes are
categorized by Zukas atown in Figure 2 [12] [77]. However, no failure mode solely

exists ad ballistic impact tests often exhibits a combination and transition of the failure



modes that are illustrated in Figur®120] [30] [32]. Accurate prediction of these failure
modes by numerical simulations is achievable only if a material model is used that
utilizes explicitly defined deformation and failure characteristics, which should
incorpaate strairrate, temperature and strefate effects as addressed by Perzyg8h

Q
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Figure 1-2: Failure modes in impacted platesafter [12] [77].

Several different thermwiscoplastic modelsvere suggested in the literature where a
good comparison is provided Wyhaboche[79 for their viscoplastic flow functions
Figure 13 illustrates the comparison between the viscoplastics models by Kyg@hpl
Miller [81], Delobelle[82], Bodner[83], JohnsorfCook (JC) [84] [85] and Kocks[86].

In this figure,viscoplasticstress, vs. plastic strairratewas compared in a logarithmic
scale. Even though some of the models wepecifically suggested for creep
applications, it is seen that a phenomenological model that was suggested by-Johnson
Cook (3C) [84] [85] can predid quaststatic and dynamic ranges reasonably well and
stays within thedistribution of the other viscoplastic models. Several other viscoplastic
modelswere suggestedbr high-strain rate deformation by Steinberg al.[87] Clifton

[88], Follansbeg89], Zerilli and Armstrond90], Follansbe@and Kockg91], andKocks



[92]. Among the other models, the unique characteristics of being able to predict lower
and higher strain rates, make€ & good candidate for modeling viscoplastic behavior.
Moreover,J-C providesa convenienstraightforwardorogramming methodology that can

be vectorized for fast solutions. Therefor€ Js accepted asne of the most commonly
used material models impad dynamicsapplicationg93]. Consequentlyin this study,

J-C is selected as the reference madtdat the new material model will be compared to
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Figure 1-3: Comparison of viscoplastic flow functionsadaptedfrom [79].

J-C phenomenologicalconstitutive and failure modeltilizes a multiplicative

decomposition for the definition of the flow stress

, 0 6 - p 61K p Y (1.1)

where 6h6FER and& are material constants that are characterized from temperature

and strain rate dependent tests,is the effective plastic strairg’ is the normalized



effective plastic strain rate (typically normalized to a strain rate of 1.0"¥ is the

homologous temperatudefined as:

Y OV VA (1.2)

This material model is coupled with an accumulated damagelmaeldere the failure
is controlled by a damage parameter defined by Equéti@ and accumulates in time

until failure occursas the atio ofplastic strain to failurestrain- reaches unity.

Q
(0] — (1.3)
Effectivefailure strainis defined as:
- 0 OA@®,” p OIi p 0OV (14)

where 'O RO HO HO and 'O are the material constantgelated to failure that are
characterized frm temperature and strain rate dependent,teétis thestresstriaxiality
defined by Equatiorl.5) as the ratio of hydrostatic stress to the equivalent stress
[94] [99).

oo (15)

(16)

Ql>=

and the equivalent stress\am Mises stress



. ~YY (17)

where , is the mean stress, is the pressure andy , 1 IS thedeviatoric
stress tensqisee AppendikA).

Due to the convenience in numerical implementation and prognagnini this study,
pressura) is utilized for calculatingtresstriaxiality [7] [96] [13], wherethe definition of

stresstriaxiality given byEquation (1.5) becomes:

noT (1.8)

The sign associated with triaxiality reverses depending on whether one uses the
definition convention irfequation(1.5) or (1.8). Both conventions ggear in the literature
and this author has elected to use the convention defineBqbwgtion (1.8) (i.e.,
hydrostatic compression is positive, hydrostatic tension is negative).

Despite theimplementationadvantages of the-C model, it is limited to an
exponential curve fitting btriaxiality to representhe behavior of stresstate dependent
failures. Hence J-C is not always capable of predicting the whole rangéheffailure
locus accuratelypased orstresstriaxiality [60] [97] [98]. Therefore, there is a need to
address the effexbf stresstriaxiality on the failure behavior of materials.rmew ductile
failure criterion that covers a wider range of triaxiality is suggested by #h@nd Bao
and Wierzbicki100 by defining three digict branche®n thefailure locusas illustrated
in Figure 14 for Al2024-T351 Aluminum alloy Consequently, it is shown Figure 14
that 3C models from assorted sources in the literature are only covering the failure space
by single smooth monotonicufictiors (.e., Setl, Set2, Set3 and Se#), whereas,
experimental findings by Ba®9] imply that there are at least three distinct branches of
failure modes on the same failuiezus that will requre a more complex functiorn
practice, IC model is tuned or calibratédr a specific test pointe.g.,uni-axial tension
was preferred antbrsion was ignored to have a smotthction[85]), and herefore are

only able to match that one particular test condition and cannot be expected to accurately



predict other test conditiong101]. Figure 14 illustrates the complexity of the failure
locus of a typical ductile material and illustrates why such materials cannot be
represented by a single exponential functibean also be noticed that even partitioning
the failure locus into three distinct branches gemerateproblems related to the
continuity or objectivity of the failure curve since the boundaries of the curves might
cause overlapping or jump conditions.

Different 3C material modefailure loci that are illustrated in Figure-4 will be
discussedn Chapter 3 fora comparison ortheir performance in predicting ballistic

impact tests with varying thickness and impact speed.
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Figure 1-4: Transition of the failure modes and omparison of the failure loc for Al2024-T351.

J-C model[85 and the model suggested by H&8] with three distinct branches do
not incorporate the effects dbde-angleparameter and therefore are insensitivéhi

effects of the third stress invariant on failuRecently,Barsoum and Faleskqd02Z and



Xue [103 extended the two dimensional failure lodosconstruct a three dimensional

failure surface by incorporating the effects ofodeangleparameter — ——,

which is associated with the third deviatoric stress invariant i i i (see
AppendiXx A). In this postulation, the failure surfacevas still assumed as a
phenomenologicablecaying functionthat is symmetric around the— 11 meridian
which corresponds to a state pfanestrain[103. Three dimensional failuroci were
constructed by surface fitting through the available test refeuithe avdable values of
stresstriaxiality and Lodeangleparameters.

The differences between these three approaches can be observed in Biglihe 1
failure surfaces, which wersuggested by-C model[85 and by Bao[99], remain
unchanged alonghe Lodeangleparameteraxis. Figure 15(a) represents the surface
form of the first 3C curve that is illustrated as Sketin Figure 14. Independent of the
Lode-angleparameter, - surface shows a monotonically increasing smooth exponential
form. Figure 15(b) represents the surface form of the thdegtinct branches that is
illustrated as in Figure-4 andstill shows no dependency on the Lodagleparameter
Baobs model was recognized due to its three
capability on the stredsiaxiality compared to-L. Figure 15(c) represents the Lode
angleparameter dependent failure surface that was constructed through §ttifecen
the experimental data given by B&89] while forcing the surface as a decaying
symmetric function. It can be concluded that easthe same test data was used for both
Figures 15(b) and 15(c), based on the surface fitting methodology and ilatge
parameter dependency, failure surfaces can drastically differ in shape.-s&itess
dependency of the failure locus is further discussed in Chapter 4.

Nevertheless, additional test results.(iespecially around the biaxial tension stress
state) revealed that the failure locus was not symmetric aboutthat meridian and a
higher order surface fitting is necessary to represent the failure surface more accurately
[104]. Therefore, more recently, an asymmetric failure locus was proposed that was
constructed through the test points by implying a functional convexity by1B4j and
Bai andWierzbicki[105. A geometrical representation of the asymmetric failure locus in

3D space is shown iRigure 16.
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Figure 1-5: 3D adaptations of the failure models on the space described Isyresstriaxiality and
Lode-angle-parameter for Al2024-T351; (a) J-C model with Setl [85], (b) model by Bao[99], (c)
model by Xuewith Lode-angle-parameter dependency introduced103.
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Figure 1-6: Asymmetric failure surface incorporating the effects ofstresstriaxiality and Lode-angle-
parameter [104].

These approaches imply that the shape and quality of the failure surface directly
depends on the number and distribution of thalable test points and there is a need to
construct the failure surface in a more generic way. Odde-angleparameterwhich
changes between plus and minus unityp — p , provides a good boundary for
the definition of the failure surfacélowever,physical boundaries of the failure surface
have to be identified more explicitly on the strsaxiality axis. Although, it is found

that there is a cutoff pressuwhen, * - corresponding to theni-axial compression

z

case,stresstriaxiality can change between plus and minus infinitytb H
[99] [106. Consequently,it is required to analytically determine theeasonable
boundaries fostresstriaxiality [107].

Therefore, there is still a need to develop a new material model that caadbasua
generic tool to simulate dynamic ductile deformation and failure behavior of materials
under impact loading. This material model should incorpataiteof-stress temperature
and strairrate dependency and should be coupled with a regularizedefanodel. The
failure surface should explicitly be constructed through experimentally obtatieds
state dependent failure points. A parallel material testing program should be performed to

characterize the material behavior and generate inputatatsefnumerical model.
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1.3 Research Objectives and scope

Given the motivation and background, the ultimate aspiration ofrélsisarchs to
further understand ththermaoviscoplastic behavior ofluctile materials undeimpact
loading and contribute to the ocnmon knowledge abouthe impact performance
evaluation phenomenon.

The maingoal of this dissertation is to develop reew thermaelastic/viscplastic
material model coupled with an accumulated regularized faitwiterion that can
incorporate high strain rate and temperature effectfhe new material model is
implemented into an explicit dynamics finite element (FE) codePK8IA, as a user
defined material subroutind’his model isexpected to be used as a generic tool to
simulateanyductilemetal undeimpact loading

In order to meet the objectives, first; the applicability and effectiveness of the existing
ductile failure criteria is reviewed and evaluated.

A new failure locus is then proposed in the equivafeiitire strain and thestress
triaxiality space over the entire range of staibstress, where conventional
compression, torsion, tension tests, and also newly developed shear combined loading
tests and biaxial punching/bulging tests are designed and perfowrboh the
framework of a para#l material testing prografi0g. Thefailure locus is obtained for
Al2024-T351 aluminum alloywhich isa commonly usethaterial inaerospacendustry,

An inverse approach by using coupked simulatons and forcedisplacement curves
is introduced to lcaracterize and model the strain rate and temperature dependency of the
material of interest.

A regularization method is also developed to solve mesh sipendency of the
material model.The prediction capability of the new model with the regularization
algorithm is discussefdr different failure modes.

Ballistic impact testsusing specimens fabricated frarsingle stock ofmaterial are
also used to test the predarticapability of the new modeRpplication of the newly
developed ductile failure criterion to high velocity impact evéntssed todemonstrate
the validity of the approach and illustrate the drawback®xasting failure models

availablein the literature.
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The range of strainate efects targeted in this research covers a large spectrum from
quasistatic to highly dynamic as illustrated in Figure7.1l Intended engineering
applications can be seen in Figurd,Inost of which areften classified abeing in the
subordnance rangg9] [12] [23]. Based on the validation work performeke modelis
shown to accommodatgigh stain rate dependency anaterialstrength buit has not
been expanded to investigate matgplase transformatian

A von Mises 0 type of plasticity is considered in the course of this dissertation
while modeling the flow surface of the materiabael. This assumption is justified based
on the experimental finding by Lod&09 and Taylor and Quinney11Q. Both studies
have tested samplesdar combined loading and have checked the yield surfaces of the
materials of interest. Lode teststkel, copper and nickahd Taylor and Quinneyave
testedcopper, aluminum and mild steélhe results of their findings are illustrated in
Figure 18(a) for Lode and Figure-8(b) for Taylor and Quinneywhere it is shown that
the materials of interest behave closer to the von Mises yield surface than to Tresca
theory. Therefore, the new material model is formulated according t@ thifow theory

to be able to provide a generic simulation tool for a wide range of materials.

_ [t
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Figure 1-7: Material behavior with changing strain rate and load duration, adapted after[111].
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Figure 1-8: Comparison of yield surfaces for different materials under combined loading;(a) after
[109 and (b) after [11Q.

1.4 Original Contributions

The original contributionsiccomplished within the course of this Dissertation can be
summarized as:

Development and implementation of thermoelastic/viscplastic mataial model
coupled with an accumulated regularized failmnedel A new viscoplastic material
model is developedwvhich employs tabulatehputs of stressstrain curves to construct
the flow surface as a function of stramte and temperaturé& new accurmlated failure
model is developed and implementetiich also employgabulated inputs of plastic
strains at failure depending on the statestress, strain rate, temperature and element
size for regularization An alternativevariable calledproducttriaxiality, which is a
function ofthethird stress invariant, is utilized afefiningthe stateof-stress spaceith
respect to stregsiaxiality. Failurestrains from the 3D failure locumre projected on a
space represented by strdisaxiality vs. produttriaxiality. Failure of ductile materials
under impact loading is shown tmcurwithin the envelop defined betweetthis space
defined byproducttriaxiality and stresgriaxiality.

Dynamic behavior of Al2024351 is investigated. A new experimental gnam is
designed to characterize quatatic and dynamic deformation and failure properties of

ductile materials.
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Flow surface of Al2024r351 is explicitly constructed through hardening curves at
different strain rates and temperatures. Failure surfac®2024-T351 is constructed
through tabulated inputs of plastic strains at failure depending atate®f-stress strain
rate, temperature and element size.

Impact performance of Al2024351 is investigated experimentally and numerically
under differen loading conditionslt is successfully shown that tlstateof-stresshas a
significant role in the dynamic failure behavior of ductile materials under impact loading.
It is also shown that the new material model can be utilized as a promising tool to

evaluate thelynamic failure prediction of structures

1.5 Outline of the Dissertation

The dissertatioconsists of 8 interrelated chapters.

Chapter 1 provides background information and motivation, defines objectives and
scope, and presents an overview of tresis.

Chapter 2 presents averview of ductile failure in structural metalsThis chapter
presents a review of the common approaches currently used to model material failure
including void growth models, porous plasticity laws, continuum damage meshanic
(CDM), cohesion zone modebnd empirical criteriaThe general proceduressed to
implement these approaches are brieigcribedandan assessment of the shortcomings
associated with each approach is discussed

Chapter 3 provides an extensive analysia series of controlled impat#ss using
FEA models that implemerdne of the most commonly used material models. It is shown
thatmaterial modetuned to a single set of test parameteran ad hoc mannenay not
necessarily predict the ballistimpact performance of a material if there is a significant
change and transition in the deformation made that traditional FEA predictions are
highly mesh dependent. Therefore, it is elaborated in this chapten tadtlition tothe
needof a more genal material modelthere is a need for a new regularized material
model capable of coverirthewhole fracture locus angbtentialstates-of-stress.

Chapter 4 describes thenethodology of newly proposed tabulatedherme
elastic/viscplastic material modelwith regularized failureDetails of the constitutive
model and its numerical implementation desdineatedirst and adetaileddescription of

16



the effects of statef-stress on the ductile failure of metals under impact loading is
provided A testing prgram is devised to generate the proposed failure locus. Different
specimens are designed for the proposed testing program for targetedfssatess The
proposed material model is compared and benchmarkedawgRisting material model

by utilizing sngle element test?Numerical stability, accuracy and robustness of the new
model is benchmarked with an existing model, wivamgous failure mdes are compared

by using proportional and neproportional loading at different statefstress.

Chapter 5 decribes the details of thexperimentaprogramand the specimens that
are used to generate input data for the newly proposed material model. Compression,
shear, tension and combined loading cases are considered to obtagowdatagthe
whole stateof-stress space. Furthermore, depending on the shape of the specimens,
planestress, planestrain, axisymmetric andbiaxial punch tests arperformed A test
matrix isdesignedo generate input data for strain rate and temperature dependency. Test
results a@ used for characterizing the material properties for the new material model.
Temperature and strain rate dependent ss&as) curves are generated for the material
model input. Also failure strains aharacterizedor a wide range oftateof-stress.
Failurelocus ofAl2024T351 aluminum alloy is obtained for validation purposes.

Chapter 6 presents the validation procedufes the material model, where
component based test specimens are simulated and compared with the tesDrgialts.
image corelation(DIC) techniques used to compare the strain field of the experiments
with FE calculations.

Chapter 7 presents the validation procedures of the proposed material model, where
full scale impact tests are simulated and compared with the tessrdsu#t chapter also
benchmarks the predictive capability of the new model for full scale tests against
existing material model. The material models are tefstedhether they can predict the
changes in the deformation and failure modes upon impidletrespect ta qualitative
comparison as well asquantitative comparisasf the residual velocities.

Finally, a summary of the main results is presented in Chapter 8. A list of
contributions to the philosophy of engineering science and recommendatidiasure

researctand potential applicatiorese also provided.

17



CHAPTER 2- Literature review

2.1 Introduction

Although it has been more than 100 yesirce MohfCoulomb strength tloey was
established112 and dspiteits fundamental importance in engineering design practice,
dynamic failure of ductile materials is a phenomenon that remains virtually unexplored
and isstill not fully understood?] [6] [16]. In this Chaptey only a small part of the
Century old existing literature that is directly relevant to the tgpidedand motivated
by the evolutiorof the computational mechanissaddressedReaders arencouraged to
consider excellent review papers about the topic feumran et al. [2], Garrisonand
Moody[3] and Yu[112.

2.2 Review on the ductile failure of metals

Ductility, which is often defined by a measure of deformation to failure, is not only a
unique property of the material;, itsal combines the geometrical dependencies of
localized conditions of stress, strain, and temperature, wheneplicated plastic
deformationsuch as necking and shear localization may occur prior to fqillirg.
Physically, it is accepted that ductile failure is mostly driven by microscopic voids, where
initiation of nucleation followed by void growth with increasing deformation and finally
coalescence of microracks lead to failurg2] [3] [4] [5]. A schematic representation of
the completeductile failure process is illustrated in Figurd #vith the following steps;

(a) the undeformed state, (b) the mickmid nucleation state, (c) the mievoid growth
state and three stages of failure surface formation involving (@ipiémt micrevoid
coalescencde) internal microscopic neckingnd (f) knifeedge separatiojb].

All engineering metals and alloys contain imperfectitmsome degree, which leads
to 6cup and c onderdniakial tensionade toflogalizediinteenal mecking

of the intervoid matrix across a sheet of mievoids. Figure 2(a) illustrates SEM

photographs of the central region of the failure surface at various magnification factors.
At a lower magnificabn factor6 cup 6 f or mati on can be seen

and at higher magnification® di mpl ed ruptured i s observed
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Figure 2-1: A schematic representation of theluctile failure in metals, adapted after[5].

Figure 2-2: SEM images from auni-axialt e s t
adapted after[5].
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60Shear | ipsd6b or the conical region of the
photographs in Figure -2(b) represents a much smoother egppnce at lower
magnifications.However at higher magnifications, a fibrous nature is clearly oteskr
that al so | eags$ uteabodgatedidimplds éodned by void coalescence
during shear lip formatan Ther ef or e, 0shear | ipsd&d are se
axial tension tests and should be treated as tensile failure on an irsiliriece rather
than a O0shear6 failure considering t-hat the
mechanical level5]. Several different approaches have been suggested for the prediction
of dudile failure in the literature considerinthese complex and combined failure
mechanisms. Atking114], while combining the fields of metal forming and fracture
mechanics, mentions five major differeapproaches: void growth models, porous
plasticity laws, continuum damage mechanics (CDNMQhesion zone modeland
empirical criteria

Studies on the micronechanics ofvoid nucleation,growth and coalescence for
simple stress and strain statese proposd in the literature, where cylindrical and
spherical hole growth modelare suggestedbeginning with thepioneering work of
McClintock [115 and studied further by Cockcroft and Lathafilg and Rice and
Tracey[117] in that respectMore detailed investigations of the stress and strain fields
are performed byrozzqg et al [118, HancockandMackenzig[119, LeRoy; et al.[120,
Oh, et al.[12]] andCIift, et al [127.

Gurson[123 [124] suggested a porous plasticity mhdehere interaction between
internal damage and flow behavior of the material is taken into account by a porous
sensitivity yield function while Tvergaafd 25 [126 [127], Needleman and Tvergaard
[128, Tvergaard and Needlem@i?9 [130, andRousselief13]] have also contributed
to this model. However, inadequate calibration of such models with many model
parameters, whichrestrongly coupled, forced the methodology to evolve to the unit cell
approach. Xiget al.[132], Xiaand Shif133 [134] [135, Faleskoget al.[136], Gagq et
al. [137] and Jun 13§ corroborated the observations that ductile failure is governed by
void growth while calibrating model parameters with unit cells and inversely fitting

numerical models to experimental data. Howevsesé methods also required extensive
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modeling and calibration effort that makes them infeasible for modeling failure process
effectively and efficiently. Moreover, difficulties during testing microstructure for
calibration purposes have caused inaccurdolesome of the models at certain loading
conditions, where testing was not even viable. Furthermore, in the case of shear
localization the model is unable to predict failure since the failure occurs without any
void growth observedTherefore, modificabns to the Gurson model are suggested to
predict localized shear and shear bands more accufa8shy{14Q.

An alternative approach to simuladectile failure is by utilizinghe CDM concept,
which follows the damage parameter introduced by Kachdfhdd]. Lemaitre[142
[143 [144) [149 also introduced a scalar damage variable and proposed an evolution
equation for failure, whera thermodynamic potential and a potential of dissipation were
proposed to obtain the relatiddetweendamage strain energy release rate and stress
strain states. Various CDM models that have different damage evolution laws were also
proposed by Wanpl4€ [147], Horstemeyeret al.[148, Dhar, et al.[149, and Rosget
al. [150 assuming different dissipation potentials since the shape of the potential of
dissipation has not been well established in the literature. The coupling of thgedama
variable and constitutive relation makes the calibration of the material constants and
damage law difficult to carry out, where the damage variable generafigot be
obtained frondirect output of the test.

Another innovative way of analyzing crackriigation and propagation is by using
cohesive zone andhterface elements, which depend the concepts suggested by
Barenblatt{151] and Hillerborg et al.[157 initially for brittle materials. Given that the
cohesive zone modeling methodology employs special interface elements at the failure
region, a tractiorseparation law is used to simulate the behavior of the material.
Therefore, adaptationd this method for different materials under different loading and
constraint conditions also required utilization of various traesigparation law$153
[154) [155 [15€ [157]. Tvergaard158 [159 [16( suggested a modified version of this
traction law and multexial separation became possibldowever, it is shown that
sepaation work per unit area and the peak stress required for separation are not constant
for different statesf-stress during the entire process #émely need to be calibrated with

special attentiorf161]. Furthermore, madeling failure with cohesive zone elements and
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interfaces requiregrior knowledgeabout where the crack initiates and how it propagates.
Moreover, the methododyy is strictly mestdependent.

For practical reasons, a number of empiricdufa criteria have also been proposed
to simulate ductile failuranore effectively and efficientlyAlthough it is commonly
assumed that hydrostatic stress has no effect on plastic[9ildearlier experimental
and theoretica]162 [95] [163 [164] [165 [164 studies indicated that when voids are
present in ductile materials, the hydrostatic component of stress can cause macroscopi
dilatation through the mechanism of void growthBince the pioneering work by
Bridgman [162 [95], most empirical criteria derived from the void @wth models
usually suggedhat the failure occurat a critical valuéd depending orthe equivalent

plastic strain[, which is accumulated in the bodyddepending often on the staté

stress that can be represented by Equafidn) {n general termas:

(6] "QOOADAEOCOORDO (2.1)

Table (2.1) summarizes some of the most commonly used empirical criteria proposed
in the literature, where the simplest casealled equivalentfailure strain criterionand
the stateof-stress is assumed to have no effee., QOOA ®DAEOOOA @OIn
quantitative investigations of ductile failure by void grow#tresstriaxiality that is
defined byEquation (18) is found to have a strong dependency on the void growth rate.
Therefore in many cases the effective plastic strain at éadan be written as a function

of stresstriaxiality as shown in Equation (2.2).

U T (2.2)

Experimental results by Bridgmdid62Z [95], Hancock and Mackenzigll9 and
Mackenziget al.[167] also supports that ductility is governed by the degree of trigkiali
and material failure can be expressed by a failure envelope that is described by Equation
(2.2).
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Table 2-1: Commonly used empirical failure criterion.

Criterion Description
Equivalentfailure
strain T (2.3)
McClintock [115 o o qeq Vo o, or (2.4)
¢p ¢ ¢p ¢ T
Cockcroft and , . (2.5)
Latham[116] O — el '
Rice and Tracey o
, L 2.6
[117 0 Ao or (2.6
Brozzq et al.[11§ o S g (2.7)
o,
Hancock and G
Mackenzig119 O A op— ol (2.8)
Oh, et al[12]] 0 or (29)
LeRoy, et al.[120 0 . .or (2.10
Clift, et al.[127 0 Jor (2.11
Norris, et al.[163] o P Qr (2.12
p O,
Oyaneet al.[16 - LI 2.13
y [164 o P g or (
p PZ
Atkins [165 o . FO 2 or (2.1¢
Johnson and Cook p \
> - 2.15
(30)" 89 o oAsm— °F ° .
Wilkins, et al.[ 16 - p T 2.16
[166 0 o~ ¢ -AGhy or (

*Strain rate and temperatidependent terms are ignored from Equation (1.4)
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Rice and Tracey117] postulated a general form ofsiresstriaxiality function to
describethe growth of a spherical voitHowever, this model wadeveloped to predict
failure that was under hydrostatic tension and was not meant to model compression or
shear accuratelyTherefore, the failure models were capable of covering only a small
segment of the failure locus as a function of stditstressMany adaptations have been
made toextend the failure locusy extrapolatbnto cover failure zones at different stress
states where usually a monotonic function wasized (e.g, Wilkins, et al.[166, Oyane
[164], Rice and Tracey117], Johnson and CooJ85], Johnson and Holmqui$i6g,
Hancock and Mackenz[d19, Ganseret al.[169, Borvik, et al.[170 [171]).

Moreover, while characterizing the failure locus as a function of-efegressijt is a
common practice to use either @&immetric dog bones with smooth andtahed
geometries under tension faregative stresstriaxiality values or cylinders under
compression fopositive stresstriaxiality valueswithout knowing the characteristics of
the material for othevalues of the triaxial stresgate[85] [119 [16]. Therefore, using a
single monotonic function is often not enough to represent the overadicobiastics of
the failure locus with different state$-stress without testingnany specimens with
different geometries.

Likewise experimental findings that were shown during the last decade b{9Bjo
Bao and Wierzbicki[100 suggest that for Al2024351, the failure cannot be
represented by a single smooth monotonic function as shown and compared with a
Johnson and Cook criterion in Figured4linstead, a partitioned failure locus was
proposed, where a transition region was suggested between negative and ftos#s/e
triaxiality valuesof the stresstate.

The applicability of the several failure criteria (e.g., Tresca, Wilkité§q,
Marciniak-Kuczynski[172], Gurson[123 [124], JohnsorCook [85], CrachFEM[173)
was further investigated and compared by Bao and Wierzlpibokd], Wierzbicki et al.

[97], Tenh et al.[98], and Zadpoor et al.[174], in terms & the ability to predict the
failure locusover stresspace depending om number of available calibration points,
which were characterized through several different testgadtshown that some of the

models ould successfully predict the failure locs a function of triaxialitywhen the
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required number of calibration points was employetbhwever if the number of
calibration pointsvas small, oveffitting may occur, which can then lead to an inaccurate
prediction of the failure lociMoreover,eventhough some of the models were found to
successfully predict a certain range of the triaxiality space with a given number of
calibration points, these models were still limited to the given triaxiality range and were
unable to represent the rest of the spetectively. Therefore, there is a need to construct
the failure envelope in a more flexible and generic wayhat each failure point can
explicitly be defined in a tabulated manner as a function of strain;cftateess, strain
rate and temperaturerfthe required ranges, where failure loci can be generated without
being dependent on a paecepted curvehape

Developments in damage plasticity theory during the last decade have shown that the
critical plastic strain at failure for ductile solidst only depends ostresstriaxiality but

also on thd_ode-angleparameter—, which can be related to the third deviatoric stress

invariantsince— ——. Therefore, ductile failure of metals can easily be described

and characterized by combinations of all three principal stresses or the these stre
invariants, where they can be incorporated by combinations of hydrostatic stess,
Mises stress and.ode-angleparameteras illustrated in Figure-% and represented by
Equation (217) [103 [14Q [179 [174 [177].

- "Q,’h— Q —h"— (2.17)

In thisresearcha new representation of the failure locus is proposed as a function of
stresstriaxiality and a newly definegbroducttriaxiality parameter, “ [107]. Product
triaxiality is defined by normalizinghe product of all principle stress components or

third stress invariarif©Owith von Misesstress as:

o T (2.18)
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The rew definitiongenerates aell-definedfailure locus within an envelope tiird

stress invarians represented by Equation1(@.

n .0
—h— (2.19)

_ “Q” z F], z “Q

It is shown in this dissertation thdtictile failure under impact loading occur within
anenveloge defined bystresstriaxiality vs. producttriaxiality. Then a 3D failure surface
is constructedhrough characterization of the failure strains for specifically designed test
specimengor specifc values of the stredsiaxiality, producttriaxiality and Lodeangle
parameter

However, determimg the failure locus experimentally and charactegzthe
material parameters for a large range of stetgies, strain rate and temperature is still a
challengng task. This iglue to the high complexity of the process of failure, the absence
of adequatecomputational methodologies capable of modeling the formation and
propagation of failure with reasonable computational times, high accuracy and tbé lack
well-established calibration procedures.Moreover, determiration of the failure
initialization and growth while capturing the stress and temperature fields in the vicinity
of the failure using currently available instruments is not any easy task. Adsaimc
computing as well as measurement instrumentation have recently allowed for the
investigation ofdynamic failurephenomenan a more detailed wayhan previously
possible[6]. In this dissertatiora coupled experimental and numerical framework is
proposed withwell-defined calibration procedures and a joint effort will be presented
towards the development of a macroscopic failure criterion that can be used as a generic
tool for modeling failure charcteristics of several engineering materials. These
calibration procedures require determination of the strains to failynghere it is shown
that the failure strains are not constant and change under different loading conditions
depending on # stateof-stress, strain ratand temperature

Although the effects of temperature and strain rate was reported to have minor
contribution on the failure strain compared to the effects of-sfag&ress most of these
studies were performed either fomler ranges of strain rates, performed for a limited
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number ofstresstriaxiality valuesand temperaturet is also common to assume that the
sensitivitiescan be diversefor different materialsWeldox 460E steel watestedby
Hopperstadet al.[178 for negativestresstriaxiality values and it was found that for a
strainrate hardening material, ductility considerably depends on the effects of stress
triaxiality, where no significant effects ahcreasing strahmate were found. Borvikl71]
andBorvik, et al.[179 also reported that the temperature dependency of the failure strain
IS nd as significant as the dependency on the stresgality for Weldox 460E
Therefore, the new material model incorporates the effect of st&gson the failure
strain by considering all three stress invariants. The effects of temperature anchtgrain
are also taken into account.

One of the major concerns in nbnear mechanics ighe stress and strain
concentrations that often happen when there are geometric and material discontinuities,
which may lead to plastic instability. Under these circamees it is difficult to predict
stress, strain fieldsand particularly failure at the correct location accurately
Consequentlythe problem becomes explicitly sensitive to the mesh pattern and size.
Needleman and Tvergaa[d8(, Skallerud and Zhanpl81], and Wilsius et al.[18Z]
have reported the influence of mesh size on predicting duetilerd. Therefore it is
important to utilize a mesh regularization rule that can help predictdaidependent of
the mesh size. The new material model developed in this research also incorporates a

mesh regularization scheme to help sohesh size demdency of the failure.

2.3 Summary

In this Chaptey a brief literature reviewas given about the dynamic ductile failure
of materials. Literature suggests fivaajor approachedor investigating the ductile
failure: void growth models, porous plasticity |lawSDM, cohesion zone modeénd
empiricalcriteria[114]. A brief introduction of the proposed failure model was givgn b
listing some of the most commonlged phenomenological models. Different apphes
for constructing a stresstate dependent 3D failure surface as a functioth@btress

triaxiality and Lode anglevere introduced.
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CHAPTER 3- Problem definition

3.1 Introduction

In this Chapter ballistic impact simulations ofests conducted o#l2024-T351
targets are performedby utilizing the JohnsoitCook (3C) material modelJ-C material
model is selected for the analysis since it is predominantly used for ballistic impact
analysis angommonlyused agomparison or benchmark standard while developing new
material models[183. As described in Section.2l, JC is a phenomenological model
providing a thermol/viscplastic formulation coupled with a failure criteriod:-C
provides a straightforward formulatidor the flow and failure surfaces, which bestow
convenientoding solutions for the finite element (F&ogramming Impact simulations
usually need large FE models and require extensive computational resources, where
simplicity becomes an advantage sntwill lower the computational cosubstantially
[184. Moreover, characterization of the high strain rate tests often requires extensive
efforts. 3C provides well defined calibration procedures tlee material constants that
are used to construct flow and failurlearacteristic$84] [85]. Thereforejt is preferred
for large scale FE analigsof high strain rate phenomena.

However; as iwas mentioned in Section.2 before, phenomenological modelse
oftentuned or calibrated for a specific té€stg.,uni-axial tension, shear or compression)
to be able to match a particular test conditigrutilizing single monotonic functiorend
it is assumedthat the model will adequately predict different test conditions.
Additionally, as illustrated in Figure-4, the failure locus of ductile materials can be very
complex and cannot be representedabgingle monotonicfunction Therefore,when
using JC, there is a need to identifhe experimentaldata set that the model was
calibrated for. Depending on the details of the calibration, the data sets can affect the
predictive performance of the FE #&yses depending on targetickness,projectile
impact speed anghodelmesh size.

In this sectionpallistic impact predictive performance of four different sets-Gf J
material model parameterse(, Setl, Set2, Set3 and Se#l) is comparedThe four
material model parameter sets were characterizedA®024-T351 at different test
conditions[41] [46] [58] [84] [85]. Therefore, it is expected to obtain different flow and
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failure surface definitions for each set of material parametersaitidead to different
ballistic limit predictions as the material thickness, impact speed and FE mesh size
changes. The results of this section will be used as a justification of the requirement for a
new material model that can provide a more geneow tnd failure definition for the

material independent of the mesh size.

3.2 An examination of thestate-of-the-arts: Explicit FE analysis ofballistic impact

In this section, the methodology that is used to simulate ballistic impact tests is
introduced. Detits and sensitivities of the numerical models are discussed. Prediction

capabilities of the ballistic impact tests by using FE simulations are presented

3.2.1 Ballistic impact testing 0f 2024 T3/T351 aluminum material

Numerous researchers have investigatedotikstic capabilities of aluminum alloys
[22) [189 [184 [187 [188 [189 [19Q. Data for this work is taken from experiments
performedby Kelly and Johnsofb7], who performed impact testson 1.58d( 1/ 16 &) ,
3175mm( 1/ 8 € ) and tlitck Bldesimhe304BM €D 2 € ) by 304. 8mm
targets were supported in a steel targghfea t hat was 50. 8mm (2¢é&) wi
rigidity. A 12. 7mm (0. 5¢é&) b1a0nadoyteot steslp her i c a
was used for the impactBSigure 31 illustrates the test setup for the ballistic impact tests.

Ballistic limits of Al2024T3/T351 plates for three different thicknesses are
summarized by Figure-3 by plotting input versusesidualvelocities of the projectiles.
Typically, after the ballistic limit, the residual velocity rises sharply and later follows a 45
degreereference ihe, which is a characteristic property for many ductile matefils
[184). The ballistic limit for 1.5875mm plate was foundto be about 122 m/s, for
3.175mmit was about213m/s and for6.35mmit was about411 m/s. It was shown that
the aluminum plates failed by dishing and datgl with slight plugging for the thinnest
targets. As the thickness increased, the amount of dishing akhgedacreaed and the
failure modemovedtowards plugging.Consequentlythe ballistic testexhibited the

transition of the failure mode with the change in thickraessimpact velocity

29



Figure 3-1: Experimental setup for ballistic impact testingfor AlI2024T3/T351 plates
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3.2.2 Numerical modeling

In order to predict the ballis limits for Al2024-T351, FE models are developell
numerical models in this study are developed to be used wHbYI$A [19]] [96] [192
as a norlinear explicit dynamics FE solver.

3.2.2.1 Finite Element Models

In nonlinear FE analysis, simply refining the mesh does not necessarily improve the
accuracy[15] [193 [194. Moreover, there are no clear theoretical guidelines on the
required mesh density for the range of impacts covered & Ghiapter and the FE
modeling process is user dependdrty. Considerig the effects of thermal softening,
failure and plastic instabilities such as localization due to necking, FE models suffer from
mesh dependegc[196. Moreover,it is a common practice to calibrate theaterial
model parameters for a specific mesh size often by utilizing only a single test condition
(e.g.,uni-axial tensioror simple shear)41] [46] [85]. However the calibrated mesh size
which is found by an atioc manner, maynot necessarily provide the optimum solution
for an impact simulation considering several {ioear effects that were not taken into
account during the calibratiofherefore, the only reasonabteethod to determinéhe
most appropriate meshzse | sandérrioald whil e comparing
controlled test data. Subsequently, it is possible to arrive to an optinasim optiorafter
experimenting with differenalternativesand draw some guidelines for a particular test
case. Consemntly, in thissection, hree different quarter symmetric FE models are
developed to investigate their predictive performafh target thickness is modeled
with three mesh densitieShe mesh pattern and size dependency are examined to find an
optimized mesh for stability, accuracy and efficiency of the impact analysis. These
models are cost effective 3D models, where a nearly perfect hit witkobimue
projectile orientation can be modeled successfully. Since the target and the projectile are
symmetic about both the horizontal and vertical axes, only one quarter models of the test
target and the projectile are developed. Both the target and projectile are modeled with 8
node undeintegrated hexagonal solid elements. Fully fixed boundary conditoas

imposed on the outer boundary and the symmetry boundary conditions are imposed at the
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other free surfaces. The mesh just under the projectile is chosenyimblecal to assure
that the failure occurs along the element boundaviesh patterns anghodel setups can
be seen in Figures3 3-4 and 35 for three different thicknesses

The mesh density under the impact zonmagleled withfiner elementghan theplate
surrounding the impact zon&he inplane mesh pattern is kept the same for all ef®d
while the element sizentough the thickness is varied. So, the number of elements is
doubled with the increase in thickneB& model information and corresponding element
sizes are summaridén Table 31.

Table 3-1: Details of the finite element mesh.

Mesh type IVESRI  vesn]

Target thickness (mm) 1.5875|3.175| 6.35| 1.5875|3.175| 6.35| 1.5875| 3.175 | 6.35
Total number of elements 1674 | 3348| 6696| 3348 | 6696|13392 6975 | 13950| 27900
Nl_meer of elementsthrough the 5 4 8 4 8 16 3 6 12
thickness

Number of elements; iplane 837 837 2325

Mesh size; through the thickneg 0.79375 0.396875 0529167

(mm/element)

[V esh-IIL1 587 5mm|

Mesh-I1,1.5875mm

Mesh-1, 15875mm

Figure 3-3: Mesh patterns for 1.5875nm thicknesstarget.
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[Mesh-IIT,3.175mm

Mesh-IT,3.175mm

Mesh-I,3.175mm

Figure 3-4: Mesh patterns for 3.175mm thicknesstarget.

Mesh-111,6.35mm

Mesh-II,6.35mm

Mesh-I, 6.35mm

Figure 3-5: Mesh patterns for 6.35mm thicknesstarget.
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For Meshl| and Meshll, as mesikpatterns1.5875mm targets are modeled with 2 and
4 elements through the thickness respectively, whdrégbBim plate is modeled with 4
and 8 elements through the thickness and the 6.35mm plate is modeled with 8 and 16
elements through the thickness cormgingly. For Meshlll, as mesh pattetn
concentric circular layers of the target are divided into three regions in radial direction
and the mesh density is gradually coarsening from inner region, which is the potential
impact region, to the outer regiodesh transition between regions are arranged to give
less than 5:1 ratio to prevent stress wave reflections from the boundaries of successive
regions[197] [198. Three elements are used to model ttm@ugh the thickness for the
1.5875mm target as baseline since implementation of reduced integration solid
elements requireat least three elements through the thickness to be able to capture
accuate bending deformation modes.

Figures 33, 34 and 35 illustrate the closeps of the 1.58%m, 3.175mm and
6.35mm targets with the corresponding mesh patterns of-Médbashil and Meshlll,
respectively.

Using undelintegrated elemestcan cause zerenergy modes or hourglass modes in
theanalysig15] [96] [192. Especially at high speed pact simulations these modes can
be excited and cause numerical instability. Therefore, a viscous based stabilization
method is used during the simulations to prevent hourglass modes of the reduced
integration elements. The amount of artificial energyaptkoelow 10% of the kinetic
energy throughout the simulation.

Contact behavior between the projectile and the target is attained by using a penalty
based single surface type contact algorithm that utilizes a nodal constraint formulation
with an element esion schem§6] [197.

3.2.2.2 Material Models

The steel projectile is modeled by usimgear elastic material modélhe model does
not allow plastic ielding bu can have large deformatiordlasticity is unnecessary for
this component, because neither the tests nor early runs showed anyf sighding in
the projectile[57]. A more sophisticatethaterial model is necessaamd is introduced in

the next sectiofor the targets to simulate batlisimpact response.
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3.2.2.3 JohnsorCook Material Model

The 3C strength model is an empirical equation and is widely used in practical
impact simulations for & broad consideration atrainhardening, strain rate sensitivity
and temperature weakenif@g].

JC phenomenological constitutive and failure model utilizes a multiplicative

decomposition for the digfition of the flow stress as:

., 0 O - p 6l & p Y (3.1)

where 6h6h&R andd are material constants that are characterized from temperature
and strain rate dependent tests,is the effective pla&t strain, R is the normalized

effective plastic strain ratiat istypically nomalized to a strain rate of Ef "Y is the

homologous temperatugefined as:

Y OV VA (3.2)

This material modek coupled with an accumulated damage model, where the failure

is controlled by a damage parameter as:

0O

& (3.3)

The camage parameter accumulates in time until failure occurs Whieaches unity.

The failurestrainis defined as:

- O OA@gB,” p Ol i p O7Y (3.4)
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where Oh'OhOhO and O are material constants specific to failutieat are
characterized from temperature and strain daggendent tests * is thestresstriaxiality

defined as:

2 n
" ”_ (3.5
where 1 is the pressure and is thevon Misesstress defined as:
» =YY 3.6
c (36)
where Y is thedeviatoric stresgensordefinedas:”Y _

In this analysisJ-C is used in conjunction with Mi€&runeisenEquation of State
(EOS model which definesthe pressure volume relationship in one of two ways,
depending on whether the materiat@nmpressed or expanded. The Nieuneisen EOS

with cubic shock velocityparticle velocity defines pressure for compressed materials as:

” ‘ r ] d)l
: °c P P T C e
Y Y Y —
Y Y ) D
and for expanded materials as:
I}] ” (‘j ‘ |-> (I) ¢ 'O (38)

where O is internal energy) is the intercept of thparticle velocity, shock velocity
(vsvp) curve; Y 7Y are the coefficients of the slope of thews curve, is the

Gruneisen gammais the first order volume correctionfto, and® — p.

Different 3JC material model parameters are foumd literature for Al2024T351

depending onthe range of application and characterization methodologies. These
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differences can be found both on the flswfaceand failurecurves The differences on
the flow surface are mainly due to the type of characterization tests, where shear and
tensile testare utilized for different ranges of strain rates. The differences on the failure
curvesare mainly due to length scales, where materials at different thicknesses are
utilized for the calibration of the failure parametdtsur different sets of materiaiodel
parameter$41] [46] [58] [84] [85] that are listed in Tablg-2 for Al2024T351are used
in this Chapter. These sets of material model parameters are utilized to evaluate their
predictive performance on the ballistic limit predictiorhil® the material thickness
changes along with the impact speed and element size as described in Section 3.2.2.1
The first set of material model parameters, which is named &k Betaken from the
two papers by Johnson and Cd@&d] [85] for Al2024-T351. These two papers are the
initial papers where the@ material model was introduced with parameters characterized
for several different matefm Quaststatic and dynamic torsion tests were used to
characterize the flow surface for Sletwhere the range of the strain rates was from
quasistatic to 4008. The model was extrapolated beyond this rd8gp
The second set of material model parameters, which is nam&dtassuggestsa
different flow surfacewith different material parametexsharacterized from different
tests[41] while adaping the same failureurve parameters fronthe paper by Johnson
and Cook[85]. The flow surface foriSet2 was characterized througjuasistatic and
Split Hopkinson Bar (SHB) experiments on tensiod @ompression sampl§41]. The
compression rates wecenducted at rates up 4000 and tension rates weoenducted
at rates up t800G*. Set3 and Set#t use the same flow surface suggestedd®2S
The differences between the two flow surfaees illustrated in Figure-8 for both
strain rate hardenin@t room temperaturegnd temperature softenifgt a nominal strain
rate of k') behavios. These flow surfaces are constructed by plugginthe material
model parameters from S&{84] and Sef2 [4]] (also Sef3 and Se#), which are listed
in Table 32, into Equation (3.1). Figures-&a) and 36(b) illustrates the hardening
characteristics of the flow surfaces at room temperature through the logarithmic strain
rate axis. For illustration purposes, upper limit of the strain rates for both sets of

parametersif., Setl and Se®) areplotted up to 50005 Under the condition that a
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finite element might experience higher strain rates during the simulat©nmadel

calculates and utilizes any strain rate based on Equation (3.1).

Table 3-2: Sets 0fJ-C material model parameters.

Parametey Notation Setl Set2 Set3 Set4
[84] [89 [4]] [46] [58]
StrengthParametey
Density[kg/m"] r 2770 2770 2770 2770
Poisson Ratio n 0.33 0.33 0.33 0.33
Modulus of Elasticity E 73084 73084 73084 73084
[MPa]
Static Yield Limit[MPa] A 265 369 369 369
Strain Hardening B 426 684 684 684
Modulus[MPa]
Strain Hardening n 0.34 0.73 0.73 0.73
Exponent
Strain Rate Coefficient C 0.015 0.0083 0.0083 0.0083
Thermal Softening m 1.0 1.7 1.7 1.7
Exponent
Reference Temperature,  Troom 294 294 294 294
[K]
Melting Temperatur¢K] Telt 775 775 775 775
Specific Heat[J/kg-K] Cp 875 875 875 875
FailureParametes
D1 0.13 0.13 0.112 0.31
D, 0.13 0.13 0.123 0.045
D3 1.5 15 15 1.7
D4 0.011 0.011 0.007 0.005
Dsg 0 0 0 0
Mie-Grunesien EO®Rarametey

S 1.338 1.338 1.338 1.338
S 0 0 0 0
S 0 0 0 0
@ 2 2 2 2

Specific strain rates are highlighted in Figure§(8) and 36(b) for better illustration
of the flow. These highlighted hardening curves are projected on to the flow stress versus
effective plastic strain plane as illustrated in Figw&f8r a better comparison of the two
surfaces. Figures-8(c) and 36(d) illustrates the softening characteristics of the flow
surfaces at a nominal strain rate of“lbgginning with room temperature (i.e., 294K), up

to the melting temperature (i.e., 775etl and SeR material parameters from Table
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3-2 are utilized and Equation (3.1) is employed to construct the flow surfaces. Hardening
curves at specific temperatures are also highligifdedoetter illustration of the flow.
Highlighted curves are prajeed on to the flow stress versus effective plastic strain plane
as illustrated in Figure-8 for a better comparison of the two surfaddse effects of the

flow surface on the ballistic impact response during the finite element simulations are
discussedn this Chapter through the proceeding sections.

The third set of material model parameters, which is named &3 iBetable 32,
suggests a different failure curve with different material model paramig@rsvhile
adapting the same flow surface parameters from the report by LééilerThe
significance of this failure curve was the characterization procedure. Ballistic impact tests
were utilizedto characterize the failure curve for relatively thinner targets.

The fourth set of material model parameters, which is named akiSétable 32,
also suggests a different failure curve characterization with different material parameters
[58] while adapting the same flow surface parameters from the report by [é$u&et
4 differs from Se8 in failure curve parameters that were calibratedhicker samples.

It is reported that the type of failure mode is sule@tb change from petaling to
plugging due to the change in thicknessl impact velocity, where the statestress is
found to be a major concefh7]. Thereforethe same set dhilure parametersnay not
necessarily be appropriater the whole range of material thicknessand impact
velocities[42] [58]. Consequentlycalibrationof the failure parameteris necessary to
find the best set of parameters that can work reasonably well foeshe®f the stress
states and predict the failure strain appropriately.

Three diffeent sets ofailure model parameters are listed in Tabl2 for Setl, Set3
and Se# (Set2 uses the same failure parameters with13eThe failure locus can be

obtained by utilizing Equation (3.4) and plugging in the failure parameters.
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The differences in fracture loare illustrated in Figur&-9 with respect to stress

triaxiality ,© —— at a nominal strain raif 1.0 s* at room temperatur&et3 andSet

4 differ from the rest by considering a recalibration of the parameters with the ballistic
impact test resultp46] [58]. It is shown by Equation (3.4hat the failure model fits an
exponential monotonic curve for the calibration purposes and expected to behave
differently under different statesf-stress. A single FE element can experience different
staesof-stress during the impact. Depending on the set of parameters used for the
simulation, the element may fail early if the state is in tension or shear wheh Qeiad

3 is used compared to SktFor instance, if a uraxial tension case is considdrfor a
single element with a triaxiality of” - and a nominal strain rate of0is™ at room

temperature the corresponding failure strain values will be calculdbgdutilizing

Equation (3.4Jor different setsn Table 32 as:

h* pi

Ql©

- 0O OA@DB,” p Ol p 0O7Y
4 AAd Ak EIaroforio AT @

3AD - ™ 0 T & @ Ppd P T® TPy
(0]
(3.9)
3AG 3AO - mnuyy
3A - m™pcmdchIbpd - ™ Y
3AG - ™ p T8 TAD PP g T oL U

As it is demonstrated in Equation (3.9), even for a simpleauiail tension cas the
failure strains for a single element may change drastically depending osetthaf
materialparameters

Equdion (3.4) also comprises a strain rate and temperature dependent term, where the

failure locus is offset according to the amount of strain rate and temperature. Figure 3
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illustrates strain rate dependency on the failure loci for three different sédsuoé
parameters. As it can be observed from the figure, the amount of effective plastic strain
that is required to fail a finite element increases with the strain rate. For demonstration
purposes, Figure-30 is plotted up to a strain rate of 5008 where for higher strain
rates JC model calculates the corresponding offset distance according to Equation (3.4).
None of the references, where the material model parameter sets were cited from,
have conducted failure tests depending on the temperdtneeefore, no temperature
dependent term was suggested for the failure parameters in T&bhleHBwever,
assuming that effective plastic strain at failure is fully dependent omaim®logous
temperature(i.e., O p), Figure 311 illustrates how Equation (3.4) can offset the

failure loci up to the melting temperature.
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calibration from different tests.
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3.2.3 Ballistic impact simulation results

Ballistic impact response for three different material thicknesses is examined with
different meshing options and by employifaur different mateial model parameters
from Table 32 representing two flow surfaces and three failure [Bboe responses are
illustrated by generating initial velocityevsusresidual velocity graphs, where they can
be compared to theallistic test datal h e i R e fine tha is overlaid in each graph
represents the condition if impact and exit velocities are the same, which indicates no loss
in the initial kinetic energy. Therefore, the distance between the reference line and the

data line can be accepted as the eaigyoor energy lost during the penetratipfv] [12]
[9].

3.2.3.1 Results for target thickness 1.587f

The penetration through.5875mmaluminum target is illustrated in FiguBl2. A
petaling type bdeformation mode is observethere is significant local bending in the
target and miarial fails mostly in tensiont should be noted that the plug isghed out
in front of the sphere, and there &wer radial cracks in the targéihe failure mode, the

plug formation and the radial cracks all corragphavell with the test results.

(@) (b)

Figure 3-120 Penetration through 1.5875mmtarget and petal formation; (a) Simulation, (b) Test
Front Face, (c) TestRear Face.

The comparison between the measurements and computations is shown irBFigure

13 for the entire ballistic limit test matrixt canbe observed that tHeet3 material data
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givesexcellent correlation, where the rest of the material model parameters with different
flow surface and failure parameted® not agreeas well with the test resultand
demonstrateneshsensitivity

Set4 maerial model parametersver predicts the ballistic limitThis can be
explained by the fact that tii@ilure parameters were adjusted for thicker tar¢@8 and
may not necessarilyeappropriate forthinner samples.

A better correlation is seen with S2material model parametecompared to Set
material model parametemshen using the same mesh pattern. TlEn simply be
explained by the differences in the flow surfabece both sets utilizéné same failure
locus The range of strain rates observed during a high speed impact exceeds the ranges
used during the material characterization of Bf#4]. Set2 material model parameters
were chaacterized for higher ranges of strain rafdd]. Therefore, Se?2 and SeB

surface ifoundto be more accurate in simulating high speed imfests for this target
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Figure 3-13: Ballistic limit predictions for 1.5875mm targets.
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Even though, the effects of material model parameters are found to be more
significant than the effects of mesh size, M#$ls found to provide the best resuliad
Meshl is found to le the least successful overdlhis can be explained by the fact that
using two reduced integration elements through the thickness is not engogdlicting
bending behavior. reover, MesHIl has more in plane elements thahqarovide better

representation of the pétiag than MeshHl.

3.2.3.2 Results for target thickness 3.175mm

The penetration througB.175mmaluminum target is shown in Figu@1l14. The
projectile penetrates through the targes mixedfailure mode: partly petatg and partly
plugging. There is some local bending andthedocal shearing in the target, whéhe
material fails partially in shear and partially in tension. Note that a plug is pushed out in
front of the sphere and the size of the radial cracks itatiget gets smaller. The failure

mode and plug formation correspond with the test results.

(@) (b) (©)

Figure 3-14: Penetration through 3.175mmtarget and mixed-mode failure formation; (a) Simulation,
(b) TestFront Face, (c) TestRear Face.

The comparison between the measurements and computations is shown irBFigure
15 for the entire ballistic limit test matrixSimulations with Sef, Set2 and SeB
material modeparametes show a poor cortation with the testlatafor all three mesh
patterns. Since the failure parameters were tuned for thinner samples, these three sets of
material model parameters ungeedict the ballistic limit. Se#4 material model

parametes;, with failure parametersof thicker plates, agredetter with the test results.
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Set4 material model parameters with Mdsand Meshll over-predict the ballistic limit,
where MesHIl with more in-plane elements provides better correlation-5&et3 and
Set4 show relativelybetter results compared to Setdue to better high strain rate

characterization.
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Figure 3-15: Ballistic limit predictions for 3.175mm targets.

3.2.3.3 Results for target thickness 6.35mm

The penetration throdg6.35mmaluminum target is illustrated in FiguB16. The
projectile penetrates through the target in plugging mode. The material fails entirely in
shear.lt is notedthat a plug is pushed out in front of the sphere, and there are no radial
cracks in thetarget. The failure mode and the plug formation correspond with the test
results.

The comparison between the measurements and computations is shown irBFigure
17 for the entire ballistic limit test matrix. Simulation results with-Bebet2 and SeB

material modeparametes give a poor match with the tesiowever results with Set
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material modeparametesare much bettedue to the failure model calibration for thicker

targets.

(@

Figure 3-16: Penetration through 6.35mmtarget and plug formation; (a) Simulation, (b) TestFront
Face, (c) TestRear Face.
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Figure 3-17: Ballistic limit predictions for 6.35mm targets.
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3.2.4 Ballistic impact simulation summariesand discussion

Predictive performance of thallistic limit for four different sets of material model
parameters and three different mesh patterns are ass@ssachmary of the ballistic
limit predictions can be seen in Figurd8for the best mesh pattern options of-Seaind
Set2 (i.e,, Meshl and MeshHlIll, respectively), and all mesh patterns for-Seind Sed.

The predictive performance of the simulations for 1.58#b target thicknesss found
promising for all parameters exut for the Se#t, whichis expected since this particular

set was tuned for the thicker targets. However, when the material thickness increases, the
accuracy is no longer satigftory compared tothe experimental resultsAll sets of
material model paraners, independent of the mesh pattern, under predict the ballistic
limit for 6.35 mm target thicknes©verall prediction performance of S&t Set3 and

Set4 are found to be more than Setonsidering that the flow surface of these sets was
calibrated ér higher strain rates. It is observed in Figur&83hat, as the failure mode
changes from peliing to plugging,none of thefailure loci were able to predict this
transition accurately.

Figure 319 illustrates the change in the failure mode from Ipeta (tension) into
plugging (shear) by plotting the history effective plastic strain at failure as a function
of triaxial stateof-stress for three representative finite elements from the failure zone of
each target thicknes$ailure loci that were chacterized through exponential curve
fitting for J-C failure model and illustrated in Figure93are also plotted in Figure1®
for a comparison of the strestate histories of these three representative finite elements
that have failed. It is found foplates under impact loading that with varying target
thickness and impact speed, failure profoundly depends onaxidti stateof-stress.

For a target thickness of 1.5875 mm, three representative elements show that the

average history of triaxiality stayprincipally below untaxial tension pointi., , *
-). For thicker targets (i.e., 3.175 mm and 6.35 mm) the average history of triaxiality

approaches and exceeds the shear ot ,, * ). It can be concluded that, as the
thickness changes (also with the increase in ballistic limit), the type of failure changes
drastically from petiing (bending and necking) to plugging (shearing).
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Figure 3-18: Ballistic limit predictions due to the transition of the failure modeswith respect totarget
thickness.

It should be noted that the failure loci, which are illustrated in Figur@, Zire plotted
for a nominal strain rate of I*sand the finite elements that are chosen from the impac
zone and failing are clearly experiencing higher strain rates. Therefore, the accumulated
plastic strains at failure are shown to be exceeding (i.e., above the failure curve) the
illustrated failure lociwith an offset distance depending on the actualrstrate that an
individual finite element experiences. Figurd @ illustrates how-L relation is used to
offset the failure loci depending on the strain rate.

It can be seen from these comparisons ttibscillatory evolution of the histories of
the stateof-stress and transition of the failure mode may not necessarily be represented

by a single monotonic function, which is often calibrated only for a single stia®s
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3.3 Summary

In this Chapter, ballistic imgect simulations of Al2024'351 are carried out by
utilizing JC modelsince it isalmost always used ascomparison or benchmark standard
for new material modedlevelopmentlt is shown that-L failure model, which uses an
exponential function to construct the failure locus based on 4dtrasslity, is not
always successful in predictistrains at failur@ccuratéy.

Material model parameterf®r JC are calbrated for a particular material gauge
length and for a particular test conditionvhich gives a particular strestate. These
parameterscamot be adjusted or tuned according to the changes and transitions in
deformation and failureConsequentlyit is expected to have some compromise in the
predictive performance if the transition happens by an alteration in theoteition and
the stresstate changes. These alterations can be in the form of a chanugerial
thickness, impact speed and oriemator tre shape of the impacting object.

It is also shown that the dplane or through the thickness mesh sensitivities are
depending on the material model parametirs found that the set of material model
parameters that are tuned for a specificnelet size gives better accuraGonsequently
increasing the element density does not improve the performance significantly.
Therefore it is necessary to recalibrate th€ Xamage parametefar a given element
sizein order to attain a better consistgnbetween simulations and the ballistic limit
measurementd-dowever, even if the parameter sets are recalibrateahsition of the
failure mode makes difficult to capture the change in deformation and failure by using a
single set of parameteas illustrated in Figure-39.

Thephenomenological models arvCJin particularwith predetermined functions for
flow and failure canot provide a generic solution for a wide range of deformation and
failure behavior. Thereforet is justified that a regulaed (mesh size independent)
material model is neededith generic tabulated inputs of flow surface as functions of
strain rate and temperature dependent hardening curves coupledfaiitiredlocus that
can cover a wider range of statkstress, straimate and temperature. The following

Chapter describes the details of the proposed material model.
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CHAPTER 4- Methodology

4.1 Introduction

The predictive capability of material models for ductile metals under impact loading
predominantly depends on accurate representaff flow and failure surfaces and mesh
regularization as depicted in the previous Chapter. Figutes &hd 315 represents the
drawbacks of a commonly used material model. Like all phenomenological models that
utilize predetermined functions to defifiew and failure characteristics-Q is also
limited to the space characterized through a set of parameters with an exponential curve
fitting. However, as it can be seen from Figure$43and 315, one unique set QFC
parameters can only predict failumdther in a single state oftension, shear or
compressionand cannot cover all. Therefore, with a set of parametiyst is
characterized through simple eemial tests, which is usually the general practice, a
single FE that experiences differesthtesof-stressother than tensiorfe.g., shear or
compressionwill not be able to predict failure accurately. Moreover, the parameters that
are incorporated for the material model are subject to mesh dependency, especially under
softening and failure.

Therefoe, a new material model is formulated in this Chaptbat will address the
shortcomings of existing technology and provide a generic tool for predicting failure
under impact loading for ductile materials. chear description of thereliminaries of
stresstensor and its invariants is presented in Appewdito help the derivation of the
material model in the proceeding section

Most phenomenological strength models formuflte rulesas afunction of several

stateand historyariables as:
" "Q- h RY (4.1)

where - is the plastic strain, is the plastic strain rate aidis thetemperature

These models are preferred due to their convenient way of programminginggquir
only a limited number ofmateral characterizatiorvariables andheir computational

efficiency. On the other handt is assumed that an adequate precision in material
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characterization can beachieved [199. Characterization of full coupled
thermo/mechanical plasticity can be very challenging. Most of the models do not use
directly tabulated test results due to the concerns about computational cost. Therefore,
often material model parameters are ignored, extrapolated or even gudesaver,
with the progression in computational mechanics asndhe cost of high performance
computational resources becomes affordable and widely accessiblementation of
fully tabulated material input data can be achievable. In this Chapter, tgplivative
decomposition of the flow surfaceasbpted.

Most of the existing failure models utilize simple monotonic functibasedon
limited test data to fit a failure locus for the material. B8&¢ and Bao and Wierzbicki
[10Q postulated a new approach to solve the monotonic curve fitting problem by
employing three different zones for curve fitting and characterizing failure points of
specimes with different geometries that revealed good information abousttess
states on thestresstriaxiality s p a ¢ e . Based on Baods experi mer
Figure 41 that the failure of Al2024351 can only be modeled by utilizing different
curve fitting methods for differentanges of thestresstriaxiality. That method may not
be applicable to other materials when different numbers of zones are encountered and
shapes of the curves may not necessarily be compatibbeeover, these former
appro@&hesutilize only stresstriaxiality for characterization of the failure locus, where J
C model also considers strain rate and temperature effects. Therefore, plastic strain at

failure can generally be representedhiaeform of:
- QA'h RY (42)

where A° is thestresstriaxiality - is theplasticstrain rate andYis thetemperature
However,the two-dimensionalfailure locusthat is suggested and employed bg§ J

modelcannot provide a soluticior the cases where the sasteesstriaxiality exists but

the stateof-stresscanin fact be different. Equation (8) represents the stress invariants

involved in the determination of thetresstriaxiality factor while constructing thiilure

surface.Clearly, Equation(4.3) only uses the first and the second invariants to calculate

the stress states and that is not sufficient to characterize multiple failure points having the
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same stresstriaxiality. To illustrate, consider adymmetric tension(A” -H

p), it is possible to be on the axymmetric compressio(f* -H p), plane
strain (A* - ) and plaestress(A” -H p) meridiansas depictedin
Figure 41. It is also shown in Figure-4 thatprojection of the stress meridians on to the
plane defined by stressgates is used to seribe particular stresstates. Similarly the
failure surface that was suggested by B9 with three differeh branches oftress
triaxiality valuescan be illustrated as in Figure24 Bao has constructed this surface

through stresstate dependent tests; however did not consider the effects of the third

stress invariardind the failure strains for eastresstriaxiality value reside as constant.
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Figure 4-1: Failure surface for Al2024T351 constructed by JC equation and projection of the
meridians on to the plane of stresstate.
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0.333

Figure 4-2: Failure surface for Al2024T351 with three different branches depending onstress
triaxiality .

Baobs wexperi ment s spraine stengly thepend oh hieressf ai | ur e
triaxiality and a single monotonic function may not necessarily be sufficient to represent
the failure locus of Al2024°351. More recently, Xugl03 and Bai[104] also used the
same experiments and postulated new failure surfaces.thitte deviatoric stress
invarianty has beemproposed to be an alternative way to construttreedimensional
failure surface[102Z [103 [104] [10Y. The Lode-angle-parameterwhich is defined by
Equation (44), is employed to be the third dimension on theeedimensionalfailure

locus after effective plastic strain at failure aticbsstriaxiality.

_Sxv
c . (4.9
where Lode angle is defined for the rangep — p. By ignoring the temperature

and strain rate effects, EquationZcan be rewritten with the ndéyvdefinedparameter

asin Equation (4.5)to include all bree stress invariants in defining the failure locus
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Figure 43 and Figured-4 illustrate such thredimensional failure loci constructed by
surface fittingfrom test data considering the effects of stteisxiality and Lodeangle
on the failure strainThe assumption of having a symmetric surface aroungltree
strainmeridan (i.e., [ ) is shown to be inaccurate as the number and variety of the
test casebecomemoreavailable[104] [105. Figure 44 illustrates a higher oed surface
fitting for the same experimental data used by B2@ and Xue[103. These surface
fitting approaches requiran extensive, coupled esgmental programn which the

failure points are characterized inversely using numerical methods, like FE calculations.

27 . " "
%= D N .

0 . J2; 0.333 0.666

Figure 4-3: Symmetric failure surface for Al2024T351 with a dependency orstresstriaxiality and
Lode-angle-parameter.
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Figure 4-4: Asymmetric failure surface for Al2024-T351 with a dependency orstresstriaxiality and
Lode-angle-parameter.

However, implementation of the third deviatostress invariant does not directly
solve the problems about determining the boundaries of the failure locus especially for
ductile metals. It is utmost important tahooseenough number of testing points with
good resolution at required strestates to onstruct a representative surface successfully.
Therefore there is a need to identify the critical stretstes with a selection
methodology that can be justified by pointing out the area of interest within the failure
space

Figure 45 illustrates a prjection of thethreedimensionalfailure surface orio the
two-dimensionalstressspace, which is spanned Isyresstriaxiality and Lode-angle
parameter Similar projections are shown in Figuresl442, 43 and 44. Using the
projected stre$states isa convenient way of positioning and illustrating the stafe
stressthat are investigated or tested. It is seen that the boundaries of the three
dimensional failure locus is defined by introducihgde-angleparameteras it is
deviating in betweenp (i.e., p — p). However, n thethreedimensionaktress

z

space,stresstriaxiality theoretically can varyn between infinity (i.e., Hb
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H), which clearly can lead texpectabldimitations in testingand may have unrealistic
consequences (i.eegative failure strainson the failure surface as the missing points on
the boundaries are often filled by extrapolatibherefore, the boundaries for thgess
triaxiality need to be defined precisely especially for negative triaxiality valL@§. It
was experimentallyfoundfor ductile metalghat there is a cutff pressure valuexistsat

the stresstriaxiality of ,, - and no failure is assumdiktyond that stresstateas

shown on theprojected stressspace in Figure -5 [95] [99]. However, no similar
experimental limit is postulated for negatsteesstriaxiality valuesand a justification for

that limit is required for practical reasons.
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Figure 4-5: Projection of the 3D failure locus onto the stressspace defined bystresstriaxiality vs.
Lode-angle-parameter.

Consequentlya justificationis required to define the strestates and help illustrating

them with adequate boundaries as a functionstafteof-stress Therefore, anew
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p ar a merodeattiaxiaktyo , i s anal ytically determined
identify the boundaries of the failure surface projected on a sitates diagramn

Section 43 [107]. This new state variable will hesed toadequately illustratéhe states
of-stresdetween the meridiarspanned by functions dfie stresanvariants and will lead

to a clear visualization of the statéstress range for ductile metals under impact
loading. Figure 46 illustrates thesteps of the methodology that will be followed during

the implementation of the new material model.

‘F Features of the Material Model j‘
} Plasticity Model Failure Model }
} -von Mises flow theory -Accumulated regularized failure }
‘ -Tabulated Input -Tabulated input ‘
| -Isotropic -Loading path dependent failure accumulation |
| -Isochoric -Stress state dependent failure |
| -Isotropic hardening -Stress triaxiality, Lode angle parameter dependent
| -Temperature dependency -Strain rate dependent scaling \
| -Strain rate dependency -Temperature dependent scaling \
| -Adiabatic heating -Variable Taylor-Quinney coefficient |
L—Variable Taylor-Quinney coefficient  -Element erosion J
Chapter 4 j

Development, Formulation and |
Implementation of the Material Mode |
(TRAUM) \

\

\

¢ !

Design Specimens for the | Assessment of the Stability,
Experimental Program Accuracy and Robustness by
Single Element Simulations|

Characterization of
FE Calculations* v the Failure Surface
Iterative Characterization of
the Material Properties by

Inverse Methodology

|

—— Construction of the
Characterization of Tabulated Flow and

the Flow Surface Failure Surfaces
L - _
Chapers |
Validation of the Test Results ol
.- - - _
Chapter7  §
[Application of the Ballistic Impact Tes@

Figure 4-6: Methodology flow diagram.
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A thermoelastic/viscplastic algorithm and a coupled regularizéailure model is
formulated and implemented in this Chapter. In Chapter 4, specimen design procedures
are also described and corresponding specimen geometries are introduced for the required
stressstates. Single element simulations are utilized to comiperestability, accuracy
and robustness of the new model against an existing material model. The results of the
material testing program are provided in Chapter 5, where an inverse methodology is
incorporated to characterize the material test data andstdps for generating the
required input for the new material model are described. Tabulated flow and failure
surfaces are also constructed for AI2023b1 in Chapter 5. Validation of the material
model with characterized material properties is attainecbhyparing the test results with
the calculations from FE simulations in Chapter 6. In Chapter 7 further validations are
presented for ballistic impact applications.

4.2 Development and implementation o new material mode| TRAUM

A new macremechanicalmateral model isdevelogd and implemented into a nen
linear explicit dynamics FE codd . S-DYNA [96] [19]. A user defined material
subroutine (UMAT)is developedto address the problems mentioned regarding the
necessity to build well defineflow and failure surface for ductile materials An
abbreviation is suggestedidressing the capabilities of the modetl will be used from
this point forward to adeéss the new material model a$abulated failure and
viscoplasticity- Regularized failure Adiabatic heating implemented as Bser defined
materialM odel (TRAUM).

TRAUM is developed tsolve the problems described due to curve fitting monotonic
functions to a number of test resultxpiicitly characterizedabulated surface definitign
within the spaceonstructedhrough thelow characteristics anthilure components such
as; plastic strain, strain rate, temperatuséiesstriaxiality, Lode-angleparameter and
producttriaxiality are employed for the new mod@&lherefore,TRAUM is formulatedto
have a thermagelastic/viscplastic algorithm for the flow generalization and will be
coupled withan accumulated failure rule. One of the most importantufes of the
newly proposed model will be the mesh size regularizatidailure. It is mentioned that,

especially numerical models that incorporate softening and failure are extremely mesh
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dependenil5] [200 [20]] [194] [193 [203. Therefore, the proposed failure algorithm
will also consider mesh size effecMoreover,loading historjpath dependency on the
failure accumulations also consideredvhere theaccumulation of failure smn will be

sensitive to nosproportional loading or different loading patsd sequences

4.2.1 Constitutive relation

An isotropic von Mises plasticity algorithm is utilized wilotropicstrainhardening
stainrate hardeningand temperature softenirigaures where adiabatic heating due to
the plastic work is considered. The model can be formulated as a multiplicative

decomposition of flow stresss
. ‘D - h Q6 hY (4.6)

where - is the plastic strain; is the equivalent plastic strain rate aindis the
temperature.

The modelresembles)-C in terms of the decomposition; however, the new model
utilized tabulated inputs of strain rate depertdeothermalhardening curves at room
temperaturgivenby '® - b and temperature dependedasistatichardening curves
by Qo RY (e.g.,often at a nominalstrain rateof 1.0 s%). Instead of using effective
strain rate, plastic strain and plastic strain rate specifically utilized to overome
oscillation problems due to the elastic compon2a§|.

Adiabatic heating occurs due to plastic work and the temperature is calculated as:

YUY e ” ’Q'l._ (47)

o

where Y  is the room/current temperatufe,is the Taylofi Quinney coefficienthat

representshe proportion of plastic work converted into hdderef is takento be0.9,
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which is assumed to be a proper valueni@tals[204]. 6 is the specific headt constant
pressurg” is the density, is the flow stress and is the plastic strain.

An elastic predictor, plastic corrector scheme is used to magrédsseas to the next
time step by utilizing a radial return algorith@05 [206. A hypo-elastic[207] [20§
prediction is computed first, and then corrected back to the yield surface if the yield
condition is exceeded his techniquas known to work efficiently and accurately for the
0 yield condition and flow rule, provided that the time increment is sufficiently small.
Considering that an explicit dynamic code is utilized for the analysis, this conditional
stability is satisfied within the numerical integration scheme and the diap size is
limited by CourantFriedrichsLevy criterion[209.

The plastic deformation iassumed asochoric(i.e., volume preserving therefore,
plastic deformation is assumed to happen at aahstolume and exhibit no volumetric
strain In shell elements ao-rotational formulation is adopted in order to simplify the
formulation of plasticity, where the local coordinate system constructed at each
integration point.

The kinematics of the deforrian can be defined bglecomposingstrain rate (rate
of-deformation) tenscas[15]:

-7 l (4.8)

where - and - are theelastic andplastic component®f the strainrate tensor
respectively Clearly, as the volumstaysconstantduring theplastic deformation, the
plastic strain rate designates only deviatoric comporesthe trace of the plastic strain
rateis equal to zerp

0O = (49)
Assuming that the elastic response of the material is isotropgiee governing

constitutive | aw can be formul ated by

tensor to an objective rate of the Cauchy stress tensor as
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a A M- - (4.10)

where ‘A 'is the fourth order positive definitesotropic stiffness tensor and can be

describeds:

e LA A (1) pn\-, 133
A UVES € O\M —€8 ¢
C - (4.11)

where € is the secondrder unit tensor andis the fouth-order, symmetric unit tensor,

0 is the bulk modulus andO istheshear modulus.

The elastic tangent modulus tenscan also be representéd the component form

with respect to a Cartesian baass

6 R T I I B B (4.12)

where _ U0 — and‘ "Oare the Lar constants given afunctions of elastic

constants.

Poi s s o n’0is assuraed itoostay constant during the overall deformation and
failure process.Elastic modulusO O Y is assumed tde a function of current
temperatureand the plastic parbf the deformationis treated by strain rate and
temperature dependent tabulated hardening curves.

Rate of theCauchy stresses can ecomposedhto deviatoricandvolumetric parts

by usingdeviatoricstress rate€l), andpressure rates -0 Q) as:

A . (4.13)

Similarly, strain rate tensor can be decomposed into deviatoric and volumetric parts

by usingdeviatoric stain rates’Hl andvolumetricstrainrate- as:

- H — (4.14)
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And plastic strain rate is decomposed as:

- "H — (4.15)

where "H is the plastia@eviatoric stain rate and is the plastic volumetristrain rate

Rate of theCauchystressesan ten be written as:
a ¢OH™H ov- - (4.16)

Hypo-elastic pressure term reduces the material law further since volumetric plastic strain

rate is zero{ k T and plastic strain rate is equal to its own deiveafH - ):

a c¢OH - 0-
(4.17)

Therefore, theleviatoric stress ratesn be written as:

"I ¢OH - (4.18)
The vyield criterion™Q which is defined as a convex function stess space
determines the limit of the elastic ranged due to the inelastic nature of the plastic

deformation it is expected to be a function of deviatoric stresses amdlycan bevritten

as:
"Qah, T QR s (4.19)

where, , - h RY is the yield stress as a function of plastic strain, plastic strain

rate and temperature. The yield function can be written more explicitly as:
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. (0]
"Qah, ” ” c g, T (4.20

Theassociatie flow rule is adopted, and plastic streateis definedby introducing a

rate of plastic multiplier_() as[21Q:

—=a' - =" —1 _E (4.22)

where "Eis explicitly given as the Praneideussnormal outwardlow vectorto the yield
surfacg217].

Plastic rate parameter is found by defining the rate ofvork due to plagic
dissipation {r ) anddefining therule for plastic strain rate as a work conjugate quantity

to von Mises stress:

0)

. (422

G
T - -t — 4 o=

Rate of plastic mitiplier is used to obtain the evolution equation of the hardening

parameter as:

e Ta
d =T—=’r d r' (423)

The plastic strain ratés expected to satisfy the complementary conditionsher t

loading unloading conditionshatare stated in Kulimucker formas[20§:

"Qah, mh mh  _'Qah, T (4.29)
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Rewriting the material law for deviatoric stressasl introducing the elastitrial

stressT ¢'OH, a system of six equations with seven unknowns obtained and that can

be solved from the complementary conditianith an additional equatioas:

o e o~ o . . o0, . 00,
| ¢OH - COH _—"1 "y _—"1 “ky - —
+ B, m+ _ T+ _"Qdh, T (4.29
i &
+ E'gEdh, T Tt

4.2.2 Time integration and numerical implementation

A forward Euler radial return algorithm that is suggested by Wilka8§ and further
investigated by Krieg and Krief12 is implemented for a von Mises type plasticity

algorithm with isotropic hardeningA schenatic representation of the return mapping
algorithm is illustrated in Figure-4[208§,.

Plastic Strain Incremen
Eq. (4.28)
\DV
Given: Calculate:
en Radial-Return en+1
o —>| “Algorithm | !
s :Eq. (4.18) <§ ﬁ sn+l :Eq. (4.30)

Figure 4-7: The role of elastaeplastic return-mapping algorithms.

Discretizationof the stresses in the material law by using elastic trial stress leads to a

radial return in deviatoric strespaceas shown by Equation (4.26)he time increment
is achieved through a central difference scheme

o - 00, . o , 00
I by - —"1+ 7 " - Y0

) 0 (4.26
bl Top Y-
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i is the trial von Mises stress of the expanded yield surface abtime

where ,,

The elastic trial and von Mises stresses are solved by multiplying the equations by

itself as:

(4.27)

h
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Figure 48 illustrates the geometric interpretation of the elastic predretorn

mapping / radiateturn in principle stress space.

Figure 4-8: Geometric interpretation of the radial-return in principle stress space.

An orthogonal trial stress prediction is calculated first and scaled back to the yield

surface at timed 0O

, the same paths used for the mjection This method is

particularly efficient fo von Mises type of yield surfaces since the surface is convex at all
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points and an orthogonal planed., PrandttReuss) can be found easjB08§. Another

geometric interpretation of the algorithhrmca be i |1l l ustrated i nh devi at
plane as shown in Figure3twhen the yield surfaces are concentric spheres and the
resulting stress return path is parallel to the deviatoric stress vectors suggested by the
constitutive law.

3 Trial Yield Surface
/Ii\_s n+l _an+l

y.e vm,e

Updated Yield Surface
R =S n+1l -S n+1\/
y vm \

Old Yield Surface, " |
R :syn -5 n -
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Figure 4-9: Geometric interpretation of the radial-return in deviatoric stress space.

Figure 410 also suggests a clear interpretation of rddialreturn algorithm on
invariant plane of von Mises stress versus pressahere it is shown how the pressure
remains unaffected by the plasticity. High accuracy and efficiency of the selected radial
return method lies within its simplicitysolving for the yield function at timé o0 a

nontlinear equation is deriveid be solved for the plastic strain increm¥nt as:

0 ) ) -
Q R o'Q/- " T
Q ., 5 OO~ , - h RY Tt
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70



VM Trial Yield Surface ’ vm, e
| n+1 1
N
3GDe
p
. n+l
Updated Yield Surface Svm J
n
Old Yield Surface Svm
\
| -
+1 +1 p
=P,

Figure 4-10. Geometric interpretation of the radial-return on the invariant plane.

Solving for the yield function at timé o  a ronlinear equation is deriveid be

solved for the plastic strain increméfit as:

0 ) ) -
Q ” Fl 0-“07- ” n
Q S 0'QY- , - h RY Tt

g . Y- o , (4.28)
Q s K OQ- ., - Y- he=hY —/—YVY- 11

Yo o) C
o o vS‘/' ~ T ~ ” ”
t ., 5 O0O- . - Y- he—hY —/VY-
Yo o) C

whereg "Y is the current temperatur@, is the specific heat at constant pressure (assumed
constantduring the numerical simulation)! is the Taylori Quinney coefficientthat
representshe proprtion of plastic work converted into heathich is taken to be 0@
the current study. e incremental temperature increase caused by dissifdtjgastic
work due to adiabatic heating is calculatedncorporate temperature softening.

The plastic gain increment in Equation (88) is solved through a secant method by

using the following initial values and iteratisehemg 194 [203:
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The algorithmic setup is illustrated in Figurd #for the secant iterations.
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Figure 4-11: Successive secant iterations.

After finding the plastic increment, final stresses aramaied as:
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. 00 . om
Y

(4.30)

The trial stresses are scaled back to the yield surface as illustrated in Figue9 4
and 410.

4.2.3 Accumulated failure algorithm

Failure is assumed whatamage variablef a finite element reaches a critical limit
described by a failure surface that is constructed thraugtiplicative decompositionf
tabulated inputs dftresstriaxiality, Lode-angleparameterstrain ratetemperature, and a
regularization term within a critical element seeformulated in Equation (4.31). As the
damage variableeaches unity (i.e., reaches the scaled failure surface), finite element is

failed by an element erosion technidQé.

N g xo

- Q ﬁ%— Q- QYYD
‘ (4.3))
Q o
0 — pt EAE]I OOA
where "Q —h—— represents 4dailure locusspecific to a material, which can be

z

used as genericway of constructing failure lodor ductile materials based on multiple
statesof-stress Stresstriaxiality and Lode-angleparaméer dependent failure surfaces
were alsadescribedoy Equation (4.5) and illustrated by Figure8 4nd 44. In Equation
(4.31),"Q- representshe strain rate dependent term/curve that scales the failure strain,
"Q"Y is the temperature dependdrilure term/curve that scales the failure strain and

‘Qx  is the regularization term/curve that scales the failure strain according to the initial
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element size. Failure is assumed when the accumulated failure strain reaches a critical
value thais defined byO .
The numerical implementation of the algorithm can be represbgptEdquation (4.32)

considering the central difference time integration schasne

- cy ¥) Yy
- ol ﬁ%x ~Q - QY
. o (4.3
: Y- '
o © -

(0] pt AZAEI OOA

4.3 Development of a generidailure locus for ductile materials based on multipé

statesof-stress

In order to generalize the definition ofiltae in threedimensioml spaceby defining
the domain constituted by all possiktatesof-stressthethird stress invarians selected
to help define the boundaries of the failure locesecially towards the negative values
of the stresdriaxiality as illustrated in Figure-8. Therefore, an alternativigiaxiality
parameter isutilized to incorporate ththird stress invarianwvhile defining the plane of
stressspace as a projection dfe threedimensional failure surface. The new parameter is

c al | erdducatriaxiafityd(, *) [107] and isdefined as:

© L (4.33)

Therefore,by incorporating all stress invariants the expression can be expanded and
the new failure locugi.e., plane of stresspace as a projection of the thidimensional

failure surfaceill be in the form of:
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L. p. .
e =0 @)
i " 9 _ R (4.34)
0 0

In the generastateof-stressthe principle stresses and, can bewritten as linear
functions of , , except for the casefo, being exactly zero or negativ@.e.,
compressive)where in that case if the first principal stress is compressive then all three

principle stresses are compressive and no failure will octuerefore the principle

~

stress parameters are defited, ®, and, (, if, Tas:
” T[ T[ ” T[ T[
m o, T mow, T (4.35)
T omo, T T oW,
When ,, M, , and, can be written directly without substitutio®ince, by
definiton, , , ,theboundp & Hand® @ Hexist foroanda

Pressuréerm, von Mises stress and the third stress invariant can themitben as:

; . P W W

s . - (4.39
” ” ~p w w WwW w w
O , OW

Corsequently,stresstriaxiality and producttriaxiality termscan be rewritten as in
Equatiors (4.37) and (438), respectively.

n P, P&
) 0% o B ® 0m K ©

(4.37)

LLINS LR 1] ” (I) (b

(4.39)

. S SMp & ® DO D

Consideringthe boundp ® Hand® o  Hbexist forcyanda Equations

4.37 and 438 can be redefined on the boundaries to specify an envelope of sohgions
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Equations 4.39) and @.40) are plotted in Figurd-12, where they represent the lower
(negative) and upper (positive) bounds for sladution envelopeAs it can be observed

from this figure, multiple produdriaxiality solutions exist for a given streggaxiality

value and the —h— value pair overlaps at certain regions. For the vahies pf

-frt for the pt , , curves and -hrt for the d o+

curves the limit curves overlap.
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Figure 4-12 Stressstateenvelope in thestresstriaxiality vs.product-triaxiality space.
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Therefore, for any givestresstriaxiality, the largest magnitude producttriaxiality
occus when two of the thre principle stresses are equaépending on the sign, a state
of hydrostatic compression or tensisnfound at the extremums. dhould be noted that
any stateof-stress must be within the bounds of the meridians defined by Equations

(4.39 and @.40, where the solution envelope extends until infinity as:

G pr 0 b (4.49
Failure locus or the meridians described by Equations (4.39) and (4.40) can also be
related to the third deviatoric stress invariant by utilizing the relations in Equation (4.42).
Therefore, it is possible to interchangbBause Lodeangleparameter with product
triaxiality when illustrating the plane of stresgace as a projection of the three

dimensional failure surface.

b 000 , A, A, A
. ¢ X0
Al @ e
C ” .
, Con Poo oV on N,
t 0 C XO o?o O O n S (4.42
Sx0 ex© A A
c” c ”, ” 0-" 5
Voo o SXOoex .o
(g ¢ " 7 o

Figure 413(a) illustrates how the thredimensional failure surface is projected on to
the plane of stresspace with three distinct test points representing thexial tension,
shear and uraxial compression, where Lo@mgleparameter is used by incorporating
the third deviatoric stress invariafrojected failure surface is shown in Figuré3{b),
while the hatched strespace represents the stabéstress that an elementary particle
can possibly experience. Usingode-angleparameter or the third deviatoric stress
invariant on the projected failure locus providesedl-definedboundary on the invariant
space; however, the conceivable limits towards the negsifigsstriaxiality valuesare

questionable and do notfer any practical bounds.
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Figure 4-13: Representation ofa three dimensional failure surface;(a) J-C relation, (b) projection on
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Since the stress invariants can interchangeably be used according to Equation (4.42),
the same plane of strespace came illustrated with produdriaxiality by incorporating
the third stress invariant in Figureld(c). In this figure, the hatched areas also signify all
statesof-stress that can be observed by an element. Having defined theahgiée
parameter as a pnary boundary on the invariant space, incorporating the product
triaxiality provides a reasonable boundary on the space of intEsgstcially towards the
negative stresiaxiality region, it is clearly seen that the region of interest can be
limited since the corridor defined between the stress meridians tdpersoEquations
(4.39 and 4.40.

Figure 413 also depicts how three distinct stafestress points on the failure surface
can be illustrated on the projected planes of sgtes. Uniaxid tension, shear and uni
axial compression points on the failure surface are portrayed in Figur&bpand 4
13(c). Any point can similarly be positioned on both planes. However, due to the
convenience in finding required test points for the materiaragtierization phase in
Chapter 5, the latter plane of stretate is used more often. In the next sections,
significant points and the region of interest on the stpaseare determined to help
choose the statexf-stress that will be used to constrube failure surface after

characterization of the plastic strain at failure for each sgtags point.

4.3.1 Identification of the stressstates

As themethodology of illustrating multiple state$-stressby using stressriaxiality,
Lode-angleparameter rad producitriaxiality is defined, where all stress invariants are
utilized, an intelligently contrived test matrix reeeded to construct and span sitress
space with therequired corresponding triaxiality values. The following sections are
utilized to help identify the stressstates of each specimen th& chosento have a

particularstressstateduring the testing.

4.3.1.1 Uni-axial state

The general stated-stresscan be identified in more detail with the following

derivations:

79



Since,, ” . » when a state of waxial stress exists either will be greater

than zero or, will be less than zero, and will be zero in either case. Jf 1T then

®» @ T and— - If, M, then— -. In both cases theroducttriaxiality

parameter is zerdi.e., ).

4.3.1.2 Planestressstateof-stress

A condition of planestress, where one of the principle stresses is zero, can be
represented by the principiéress parametetsor wbeing set equal to zero. In this case

” mtandEquation (435) can be rewritten as either:

, T T , T T
T oW, T T W, Ttp @ W (4.43)
mT T W, m T T

with thestresstriaxiality termbecoming:

. O & o (4.44)
or
" T T , TO T
mo®, T (D | SR | SO | SRS 5 (4.45)
T T W, T T W,
with thestresstriaxiality termbecoming:
hop_p o
) p o @ (4.46)

and n boh cases thproducttriaxiality parameter is zerdi.e.,
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So, for biaxial statesof-stress either, . , ® p with the result of— - or

with the result of— -.

Equation(4.47) represents this case in a more generic agmy

v -
e ST - Op @ @
'n ©, nmt p w TUH
I,P Tt Tt Tt .— Tt
1P v,
" ..T[ n tr T T v n Ep—(b
m T W, T o - S
e WaR LA S | SR | S S ST S Wp & o (447)
” > 5 P »»n
IrmT ™ w, R T
I'v v,
P T -
rmo, Ty 7 -
(VA 1 ”
Consideringsochoric plastic strains
) . o . z 448
. w T - K
° Tt O p o 6 O

Planestress states for thetresstriaxiality versus producttriaxiality space are
illustrated in Figure 44 with more details It is also showrhow the axisymmetric
tension, axisymmetric compression anplanestrain meridians spathe stresspace
defined by the envelope represented by the taugeparameter.

Therefore, it is suggested here that the boundaries of the failure locus can be defined

interchangeablyby incorporating all three definitions of triaxiality. By usirsiyess
triaxiality (—) vs. Lode-angleparamete{f p — —— p) or stresdriaxiality
vs. producttriaxiality (—), a failure surface can be constructdter characterization of

plastic strains at failure for every poiof interest Lode-angleparameter can be used to
categorize the stress meridians and the preuligctiality can be used to categorize the

limits of the stateof-stress.
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Figure 4-14: Plane-stressstate conditions on thestressspace.

4.3.1.3 Axi-symmetric stat®f-stress

A condition ofaxi-symmetricstresss observedvhentwo principal stresses are equal.
Axi-symmetric stat@f-stresscan exist in either tensionor compressionThe tension
meridian isobtainel whencd @and compression ishend p.

Equation(4.49 represents this case in a more generic way as:

. Tt Tt o N = =
no, my P ® b, o @ 6o
TT TT (‘;) , w w S n _ w
VaE P 0 Cw!
o o ¢ & (4.49)
” T[ T[ 5 I-b A 6 N 5 5
n ” Tt t Q' 0 t |‘|” le (A)(I) Cw
T[ T[ d) Y w p > [LINS LR 1] -
. p O ¢l
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Consideringsochoric pastic strains
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Axi-symmetricstressstates for thestresstriaxiality vs. producttriaxiality space are
illustrated in Figues 4-15 and 416 for both compression antension meridians

respectively.
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Figure 4-15: Axi-symmetric stressstate conditions on thecompressionmeridian of the stressspace
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Figure 4-16. Axi-symmetric stressstate conditions on thetensionmeridian of the stressspace

4.3.1.4 Planestrain stateof-stress

A condition ofPlanestrainstress observed where a principal deformation is zero. In

terms oféandd the principle stress parameters are:

PR P oW
" Tt TT " |-b o EM:
L d) ” Tt t e' (-0" o t N ? o 0-'(:0 -(rm) (4 5])

. W W p O Ty, Cw .

mT T ¢ p, AL . :

O ow o ow oew '
Consideringsochoric plastic strains

C O W T 11
- ' o T (4.52
T m cw W p
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Planestress stresstates for the stredsaxiality vs. productriaxiality space are

illustrated in Figure 4.7 for both compression and tensioaridians respectively.
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Figure 4-17: Plane-strain stressstate conditions on theplane-strain meridian of the stressspace.

4.3.2 Notable points on the stresstate space

The foregonealculations lead us to idéfy some of the most notable points that are
summarized according to their strégaxiality, producttriaxiality and Lodeangle
parameter values as listed in Tabié 4nd illustrated in newly proposed stréisaxiality
versus produetriaxiality spae in Figure 418. It is assumed thdgilure beyond a stress

triaxiality of ,, ° - is not possible therefore the test matrix and failure surface is

defined up to the limitingtressstate of uniaxial compression.
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Table 4-1: Notable points and their stressstate parameters.

Statesof-stress

Stresstriaxiality Producttriaxiality Lode-angleparameter lllustration
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Stresstriaxiality versus produetriaxiality space provides an objective tool to
characterize the stresgate for any deformation pattern as illustchin Figure 418 for
five distinct statesClearly, five stressstates are insufficiertb construct avell-defined
failure surface and more strestaite points are needed within the hatched area of the
stressstate planefor a sufficient representatiomhese stresstate points have to be
chosen with a reasonable resolution that a balance between the accuracy of the failure
surfaceand the number of required strestate points can be achieved since each stress
state pointcorresponds to a teahdhas b becharacterizedo find the plastic strain at
failure. Therefore, there is a tradeb#tween the cost of testing each chosen sttets
and the accuracy of the faikicurve. Moreover, while choosing the states of interest, a
methodology has to be d&loped to justify the region of curiosity and the capability of
the chosen points for representing the entire failure surface independent of the local
sensitivities. Consequently, in the following section, a methodology is suggested to help
determine theregion of interest on the strestate plane for ductile materials under

impact loading.

4.3.3 Identification of the stressstates for structures under impact loading

The results of the ballistic impact anadgghatwere reported in Section 3.2 are used
to identify the stressstatehistory of the finite elements during the impact loadings
found that the failure modes are changing fromlpetato plugging as the thickneasd
the impact velocity changes, which suggests thasthieof-stresschanges fsm tensile
dominated necking to shear as illustrated in Figui8.4

To identify the possible modes aftateof-stressfor individual finite elements,
representative lements are selected within the impact region under the projectile. For
thinner targetsdue topetallingfailure, more elements are selected in the vicinity of the
petal formation. Figure-20 represents the set of elements selected per each thickness at
the undeformed stag8imulation results are selected from the higher end of the tallisti
curve(i.e., higher velocitiesgonsidering that the dominant failure characteristics will be
more pronouncedThe triaxiality parameter§.e., , *h, * and —) are calculated athe

peakvalues of thestresgsfor a number offinite elements, some of which failed and
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some of which did not.
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Figure 4-19: Transition of the failure modeswith target thickness under impact loading due to the
state-of-stress
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Figure 4-20: Selected elements fostate-of-stressidentification.
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The triaxiality parameters vary considela before the stresseeachlevels near
failure. Figure 4-21 summarizes and overlayBse triaxiality parameters frorie points
collected for three different thicknessas the stressriaxiality versusproducttriaxiality
space It should be noted thahe selected elements are intended to be representative of
the failure modes under impaetgime only. It is also identified that the failing elements
are accumulated aroumggative stresiaxiality values betweeraxi-symmetrictension
and axi-symmetrc compressin meridians. It isnot a coincidence thabr different
thicknesses and impact speefts, ductile materialsunderimpact loadingin general|

stressstates that lead to failure are similand populatedvithin an envelope defined
throughnegative values of thetresstriaxiality (i.e., ,, * -) versusproducttriaxiality

space.Therefore, an experimental progratouldbe designed to cover this spdce.,
stressspace hatched in re#lith a better resolutiomhile constructing a failursurface

for FE analysisClearly, fewer points are needed to represent the sttates towards the
positive values of the stressaxiality (i.e.,, * -), where these regions are designated

as combined tensieshear and combined compressshea respectively (i.e., stress

spaces hatched in yellow and blue). No failure is assumed beyond atrsdwesabty
value of, * -, where it is also depicted in Figure24 that several finite elements

from the impact region are experiencing sim#tatesof-stress but do not fail. Therefore,

the last stresstate point is chosen to be the-arial compression while constructing a
failure surface and the region beyond that stteaxiality value (i.e.,, -), no test

point ischosenas he stresstate approacisehydrostatic compression (i.e., stregmce

hatched in green).
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4.4 Devising a testing programto characterizea genericfailure locus

TRAUM utilizes anextended form of theccumulated failure algorithmwhich is
defined earlier by Equation (4.2) thégépends upon muftie statesf-stress, strain rate,

temperature andegularized with respect to the element size as formubgeBquation

(4.53
-0, h—"0- QY

Q L (4.53

where "Q, “h— represents a failure surface, which is constructed by characterized

values of the effective plastic strains at failure for different staftatress at a nominal
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strain rate and room temperature for a characteristic elenzentTdie failure surface is
then scaled by the factors defined® HQ"Y and"Qx , which represent strain rate,
temperature and regularization terms respectively.

Therefore, in the proceeding sections a methodology is introducedptaldscribe
the stresstate dependent failure surfade methodology is also described to form a
failure locus by scaling the initially constructed strstte dependent failure surface
based on strain rate and temperat@gecimen design methodologydageometries for
each selected strestate is demonstrated. Targeted values of the sftatss, strain rates

and temperatures for a fully defined failure locus are listed.

4.4.1 Construction of afailure locus for multiple states-of-stress

An intelligently ontrived test matrix is developed by designing specific test
specimens with different geometries that can be used to construct the whole failure locus
for Al2024-T351 as a function of stregsaxiality and Lodeangleparametedefined by
the factor in Eqation (4.54).

G
h—=— (4.54

The boundaries of this failure locus are defiwgth a consideration on the stress
space defined by stressaxiality versus produetriaxiality (, © vs., °). Different states
of-stress are attained by utilizing specimens that are representisgnaxietric tension,
planstress, planstrain tension, shear, compression, combined terstiear and baxial
tension states. An inverse material characterization algorithrthan introduced to
generate input data for the new material model (TRAUM). Consequently, the specimens
with preliminary estimates of stresgsaxiality, Lodeangleparameter, and product
triaxiality will be used to construct a failure surface. Paralleherical simulations are

used to verify the exact stabé-stress and the failure point, which are attained iteratively
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until the desired values are achieved since the plastic deformation in the specimen causes
changes in the predetermined stretsges.

Validated impact simulations reveal that the ductile matenaldergoingimpact
loading fail under differenstatesof-stressas shown in Figure-21;, howevey the stress
states ar@opulated around certain zondherefore, it is required to test maté&giander
different stressstates and characterize the failure points to construct a failure locus
having a bias on the zones of interdstis usually a common pectce to test axi
symmetric round specimens tensionto see the effects of coné@ment esgcially by
using Bridgna n [@6 [95] analysis of thestressstateat the necking localization of an
axi-symmetric specimen. Characterizing anchgseffective plastic strain at failure as a
function of stateof-stressis also widely practicednd described further by McClintock
[119, Rice and Tracej117] and Hancock and MackenZi#19. Many others including
J-C [85], which is discussed in detail in Section 3.2, have utilized similstintg
programs to characterize effective plastic strain at failure as a functisiraxs
triaxiality. JC used an exponential curve fitting on the experimental data. Measuring the
failure strain and the stressstateat the time of failure it any easytask therefore,
parallel numerical simulatiorare typically usedo inversely calculate the failure strains
and stressstates. The common approach to characterize the failure point and
correspondingstressstates is usually attained by trying to matthe experimentally
measureddata, such as force vs. displacement curves. This is often described as a
meticulousprocedure since the behavior cha extremelynonlinear[1] [178§ [180.
Besides, thetressstateis not the only variable that has an influence on the failure strain.
There are other contributing factors to ductile failure such asstttan rate effects,
temperature etc., where in most cases the effects are coupled and can be difficult to
identify [7] [8] [9] [10].

The variations in thetateof-stressand the range of the domammake itchallenging
to design an experimental program that can capture the whole failure Mous.
recently, Bad99|, Bao and Wierzbickj10(Q, Barsoum and Faleskdd02, Xue[103,
Bai [104], Bai and Wierzbicki[105 conducted test programs that have coupled
numerical simulatios and experimentwith specimenshaving different geometries in

order to cover a wideange ofstressstates. Xue [103, Bai[104] have introducedailure
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models with anothestressstate indicator called theLode-angleparameterand their
failure surfaces were illustrated in Figures3 /and 44, respectivelyHowever, these
failure surfacedit differentfunctionsover the characterized test poifies the values of
equivalent plastic strain at failure representing different sstedes. Higher order surface
fitting methodologies mayut the overall accuracwt risk due tolocal sensitivities.
Depending on the material of interest, changes in-sfaséress may cause considerable

differences on the equivalent plastic strain at failure. Dramatic changes can be observed

z

for Al2024-T351 when the stredsaxiality changes ibetween - - and Bao

[99] suggested three distinct branches to represent the significant differences on the
failure modes as illustrated Figure 42. Consequently, while fitting a paetermine
higher order surfacever the available stresstates, two critical details should be
foresighted. First of all, the overall behavior of the failure surface should be kept stable
and extreme oscillations due to the regions with local extremum shouldebented.
Otherwise, higher order surface fitting can numerically lead rtegative valuesof
effective plastic strain at failurevhich is unacceptable, when the failure surface needs to
be extrapolated beyond the limits of the test matrix. Secondlyzingjlia preaccepted
function for the failure surface should not lead to even out the details for certain stress
states, where significant changes in the failure modes can be observed experimentally.
Fitting a failure surface over a range of test points din@ representing certain statds
stress can be illustrated as in Figur@2{a) for a surface using-C relation defined by
Equation (3.4pnd parameters given by Setn Table 32.

The test points that are illustrated in Figur@24signify differentspecimens used in
this study, which will be discussed in more detail later in this Chapter and in Chapter 5.
These test points are used to imply that the values of the effective plastic strain at failure
for certain statesf-stress may not accurately bepresented by a smooth surface fitting
methodology (i.e.,-L). It can clearly be noticed that surface fitting to a number of test
points flattens the sensitivity of the failure surface which leads to inaccurate
representation. It should be noted thagure 422(b), which is a-L representation, is
not Lodeangleparameter dependent. It is basically constructed by extending the failure

curve that was found through curve fitting and only sttgasiality dependent (i.e.,
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_ —— p T p). Figure 422(c) illustrates a projection of theCJ failure

surface on to the plane of stregates with a contour map and specifically selected states
of-stress points that a ruled failure surface can be constructed through a concept of

O bdrgiit ngdé with the suggested paths.
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Figure 4-22: Representation of theJ-C failure surface; (a) with test points suggested later in this
Chapter, (b) projection on to the plane of stress-triaxiality vs. effective plastic strain at failure,
showing no Lodeangle-parameter dependencyand (c) projection on to the plane of stresstate
defined by stresstriaxiality vs. Lode-angle-parameter showing the paths suggested for bridging the
stressstates

94



Similarly, the failure surface suggested by BE)4 can beillustrated in Figure 4
23(a) with the saméest pointsthat are shown in Figure-22, which are representing

certain stresstateghat will be discussed further in the proceeding sections
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Figure 4-23: Representation of a Lode-angle-parameter dependentfailure surface; (a) failure
surface defined by surfaceifting over the test pointsdefinedin [104], (b) projection on to the plane
of stresstriaxiality vs. effective plastic strain at failure showing Lodeangle-parameter dependency
with different stress meridians and (c) projection on to the plane of stresstate defined by stress
triaxiality vs. Lode-angle-parameter showing the paths suggested for bridging the stressates.

95



It can clearly be observed that Ledegleparameter dependent failure surfabase
a better sensitivity in representing the failure response as functions oebfstitess.
Lode-angleparameter dependency can be pronounced more by elaborating on the stress
meridians as illustrated in Figure28(b). However, Figure-23(b) also deigts that a
surface fitting methodology, which is only concerned about minimizing the overall fitting
error, may not necessarily captures the response of all-ste#es and misses certain
statesof-stress points or has to compromise even from matchigpée stress meridian.
More importantly every point on thispaceof stressstate corresponds to a test result
which is obtained through @&gorous characterization procedure arsthould not be
compromised by a smoothing algorithitherefore, an alternae concept can be utilized
to construct the failure surface with a bias on matching the invaluable testing points.
Figure 423(c) illustrates the projection of the failure surface in FiguB3@@) on to the
plane of stresstates with a contour map. Sgecstressstate points are shown with the
paths defined for Obridgingd concept.

Thed b r i dcgnceptgwhich is outlined in Figure24, starts by assuming a firm
representation of certain statgfsstress values and the stress meridians that are
consicered for testing as briefly illustrated in Figure@2(c) and 423(c). These specific
stressstates should be pronounced more while constructing the failure surface. The
concept works by determining notable stregdges that have the same Ladgle
paraneters on the corresponding stress meridians with equidistant distribution of the
stresstriaxiality values.Clearly, each stress meridian act as a natural boundary of the
bridging.

During the identification of the testing points for bridgingedappingstressstates
can be found on the failure surface while determining the notable -efasti®ess for
verification purposes, such as; a platess case under waxial tension and an axi

symmetric case under uakial tension will lead to the same strasste pair defined by:
. “h— -h p . Similarly, a planestress case under waial tension with lateral
confinement by the use of a notched geometry and a-ptesie case under wakxial

tension also share a common strstsge pairdefined by: , “h— fﬁn . These
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overlapping stresstates can be useful to verify whether similar stetates lead to
similar values of the effective plastic strain at failure even though they represent different
types of specimens orifigérent stress meridians.

Bridging can also be established between the same values of thearglde
parameter with different values of the strésaxiality as illustrated in Figure-25 by
combined tensioshear specimens. These two distinct specinaeasdentified to match
the Lodeangleparameters of the two plaistéress specimens with intermediate values of
stresstriaxiality. Consequently, two unique cases are identified, where different-efates
stress are achieved by changing the type of loadingspecimens rather than its

geometry.

Remarks for Bridging Stress-States

Start Determining the Stress-States by Incorporating the Notable
States-of-Stress that are often at the Intersection Points of the Stre:
Meridians

#

Determine the Stress-States that have the same
Lode-Angle-Parameters on the Correponding Stress Meridians witf
an Equidistant Distribution on the Stress-Triaxiality Axis

i

Determine some Stress-States for Verification of the Equivalent Plas
Strains at Failure that can Provide the Same States-of-Stress for
Different Tests and Overlapping on the Stress Space

Figure 4-24: Outline of determining the stressstates while constructing the failure locusy bridging.

While designing the test matrix and the corresponding sgecgaometries, the areas
of interest for the projected statekstress are determined by the facilitation of Figure 4
25, where stresstates of the representative finite elemearts illustrated for ductile
materials under impact loadirgimilar to the llustration in Figure €21 with the paths

defined for bridging are overlaid
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Figure 4-25: Identifying the bridging paths while constructing the failure locus through stress
meridians and no@able values of the stresstates considering the zone of interest suggested for ductile
materials under impact loading (a) representation of bridging on the plane of stresstate defined by
stresstriaxiality vs. Lode-angle-parameter and (b) representation of bridging on the plane of stress
state defined by stressriaxiality vs. product -triaxiality .
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Figure 425(a) represents the paths for bridging on the plane of sitatesdefined by
stresstriaxiality vs. LodeangleparameteandFigure 425(b) on theplane of stresstate
defined bystresstriaxiality vs. productriaxiality. Both figures indicate that the region of
interest, where the strestates of the failing finite elements are populated and can be
spanned by utilizingequivalent triaxiality pameters with equidistant distribution.
Therefore, bridging provides a good way to interpolate between the-dragle
parameters for the selected strgsxiality values while only needg a small number of

specimens.
Maximum stressriaxiality value is dentified when, -, which correspond to

the untaxial compression state and no failure is assumed beyond that point as illustrated
in Figure 425 and verified by the stressate history of the finite elements that are under
the region of impact. Although it imaterial and application dependent, for Al2023b1,
minimum stresdriaxiality value is identified when @, which is found by a
judgment based on three different indications. The first indication is the population of the
stresstriaxiality values of the finite elements that are under the impact regien
illustrated in Figure €5. The second indication is a technological constraint on the shape
of a potential specimen, where the most convenient test for this statesiraritric
tension. A verysharp notched geometry is necessary for arsyximetric specimen to
provide the required confinement in order to reach that minimum value of-stress
triaxiality. The last indication is found by utilizing the produicaxiality parameter in the
decision a discussed in Section 4.3, where it is stated that the solution envelope tapers
towards the end of thstress meridianprovided that theproducttriaxiality is used to
define the limits of the streddaxiality. Figure 425(b) illustrates this phenomemo
where the limits of the stregsaxiality can clearly be captured within the limits of a
reasonable solutiorzor even smaller stressaxiality values (i.e.,, p8y), spalling
dominates failure due to the shock waves, rapid void growth and pdi2ik8y which is
not within the scope of this dissertation.

Therefore, stress meridians (i.e., platess, &i-symmetric tension, axdymmetric
compression and plargtrain) should be accepted as the boundaries or splines of a ruled

failure surface as illustrated in Figure8.
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Figure 4-26. (a) Representation ofa Lode-angle-parameter dependentruled failure surface defined
by stress meridiansas splines swepfrom the test points defined later in this Chapter; (b) three-
dimensional representation of the splines in stress spacg) stress meridiansprojected on to the
plane of stresstriaxiality vs. effective plastic strain at failure showing Lode-angle-parameter
dependencyand (d) representation ofpaths used forbridging stressstates.

100



The failure surface is then constructed dwyeeping through these splines with the
help of interconnecting stressates suggested by bridging paths as shown in Figures 4
26(a) to 426(d). Three dimensional splines representing the stress meridians can
individually be seen in Figure-26(b) with dentified test points overlaid for each stress
state Figure 426(c) illustrates how each spline of the stress meridian is obtained through
the identified statesef-stress. It should be noted that the splines are forced to match each
stressstate along thestress meridians so that the boundaries of the ruled surface can
explicitly depend upon the test points.

It should also be noted that TRAUM explicitly depends upon characterized material
data from test results; therefore, it can be foreseen that theaagaf the model can
easily be enhanced by increasing the number of the test points that span the failure locus.
Tabulated structure of TRAUM can handle additional test points with flexibility and
fidelity by redefining the failure surface with the aduolital value of effective plastic
strain at failure for the corresponding stretate.

Initially designed stresstate values for some of the points that are illustrated in
Figure 425 may change during the plastic deformation especially after the ingtabili
like necking.Therefore, it should be noted that TRAUM can also handle changes in the
initially assigned stresstate points by incorporating linear interpolation during the

Obridgingbé process.

4.4.2 Construction of afailure locus for strain rate and temperature dependency

Initial failure surface is constructed by utilizing values of effective plastic strain at
failure that arecharacterized frondifferent specimens, which represent different states
of-stress as discussed in Section 4.4.1. These specimigndifferent stresstates are
tested aB nominal strain rate (i.e., 1:§sand at room temperature (i.e., 294 K)order
to represent the strain rate and temperature depenaérihefailure locus, scaling the
initial failure surface is suggesteds aa convenient way with a multiplicative
decomposition of the coupled terj&b]. Strain rate and temperature dependency of the
initial failure surfaceis attained by two scaling factors that are usedftset the stress

state dependent failure surface as formulated in Equ@ibh.
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- R, QYR (4.55

where "Q-  represents the strain rate dependent term ‘&Y represents the
temperatee dependent term that scales the failure strain. These scaling terms can
comprise any number of test results that are performed at different strain rates and
temperatures forming piecewise linear curves for scaling.

To identify the scalingurves beginnng with strain rate dependency, a strsisde is
determined first from the initial failure surface. It is suggested to select a saspfer a
convenientstressstate(i.e., specimen geometry and loadirsg)ce the same test will be
performed at diffegnt strain rates and temperatures. In this study, {g#aass tension

(i.e., , h— -h p ) is identified as the baseline stresate. To isolate the effects

of strain rate dependency, all tests are perforatedom temperature and reffects of
adiabatic heating ar@assumed. Subsequently, the valoéthe effective plastic strain at
failure can be identified for the selected strain rates. Each failure strain can then be
normalizedto thefailure strain of thebaselinein orderto find ascaling factorfor the
corresponding strain rate. Finally, the scaling curve can be obtained by a collection of
points representing the strain rates and the corresponding normalized failure strains as
formulated in Equatiof4.56).
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Strain rate depend failure locaan beillustratedasin Figure 427 emphasizinghat
the values of the effective plastic strains at failure afsebffrom theinitial failure

surfaceaccording to thecalingfactors defined per each strain rate
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*Strain rate dependent scaling of the failure surface is exaggerated for demonstration purposes.

Figure 4-27. Strain rate dependent failure locus constructed by offsetting the initial failure surface.

It should be noted that the offset distameeeexaggerateth Figure 427 for a better
demonstration (i.e.Q- PR, Q- ¢). Clearly, the amount of offset

distanceswill be determined from characterization of the tests in Chapter 5 for the
selected strain ratest should also be noted that a logarithmic scale is utilifar
defining the corresponding straiates assuming that there can be several orders of
magnitude difference between the rates during the experimental program.

Figure 428 illustrates the baselirend the scaled stresseridians according to the
normalzedscalingfactors Theinput format of the piecewise linear scaling tesncurve
Q- can also be seem Figure 428 It should be noted that, for demonstration
purposes, the effect of straiate on the effective plastic strain at failure is assume to be
an increasing function. However, that may netessarilyoe the caseof the material of

interest and increasing the straate can lead to a steep drop in the effective plastic strain
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at falure. Therefore, by utilizingstrain rateand temperaturdependent scaling cursie
TRAUM can easily model the required response déijpgnon the characterization of the

failure strains at different stramatesand temperatures
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*Strain rate dependent scaling of the failure surface is exaggerated for demonstration purposes.

Figure 4-28 Strain rate dependentscaling factor (curve) and the scaled stress meridians of the
failure surface.

Similarly, temperature dependency can also be represented as a piecewise linear

scaling curve depending on the number of temperature dependent Réanestress
tension (i.e., , “h— -h p ) is also considered as the baseline stséas® and to

isolate the décts of temperature dependenall tests are performed at the same strain
rate (i.e., 10s™). Subsequently, the valsef the effective plastic strain atiliare are
identified for the selected temperatures. Each failure strain can then be nornmatized

baseline to find a scaling factor corresponding to each temperature. Finally, the scaling
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curve can be obtained by a collection of points representingethperatures and the

corresponding normalized failure strains as formulated in Equgtibm).
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Temperature depend failure locus can be illustrated as in FigR@eetnphasizing
that the values of the effective plastic strains at failure are offset fromitiaé failure

surface according to ¢hscaling factors defined per each temperature.
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Figure 4-29: Temperature dependent failure locus constrated by offsetting the initial failure surface.
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It should be noted that the offset distances are exaggerated in Fg8r®ra better
demonstration of the temperature dependency {€e., pd, Q-

1®). Clearly, the amount of offset distances will be determined from characterization of
the tests in Chapter 5 for the selected temperatures.

Figure 430 illustrates the baselirend the scaled stresseridians according to the
normalized scaling factors per each additional temperature. The input format of the
piecewise linear scaling term or cur@"Y can also be seen in Figure3@. A
hypothetical case of increase in the failure strain due to armimrease at the
temperature is assumed first, where a drop in the failure strain is assumed for a much

higher temperature. Clearly, failure is immediate at the melting temperature.
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*Temperature dependent scaling of the failure surface is exdgddoa demonstration purposes.

Figure 4-30: Temperature dependent scaling factor (curve) and the scaled stress meridians of the
failure surface.
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